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ABSTRACT 

Forty six papers describing recent advances in dry sorbent injection technologies 
for S02 control were presented at the 1st Joint Symposium on Ory S02 and 
Simultaneous S02/NOx Control Technologies. These papers covered the following 
topics: fundamental research; pilot-scale development of furnace injection; burners 
for simultaneous S02/NOx control; post-furnace S02 removal; process integration and 
economics; sorbent availability and costs; and field applications and full-scale 
test1 ng. 
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PREFACE 

The 1st Joint Stmposium on Dry S02 and Simultaneous SOz/NOx Control Technologies was 
held November 13 through 16. 1984 in San Diego, California. This symposiu~. jointly 
sponsored by EPRI and EPA. was the first meeting of 1ts kind devoted solely to the 
discussion of emissions control processes based on dry injection of calcium or 
sodiu~ sorbents to rneet S02 and NOx regulations for coal-fired power plants. 
Specific processes that were discussed included: direct furnace injection of 
calcium-based sorbents. sorbent injection combined with low-NOx burners for 
simultaneous S02/NOx control, and post-furnace injection of calcium and sodium 
sorbents. The objective of the symposium was to provide a timely forum for the 
ex.change of data and information on the current status and plans for these eme ... ging 
technologies. 

Forty six papers were presented beginning with a keynote address on acid rain 
strategies and control technology implications. followed by overviews of the EPRI, 
EPA, and Canadian programs, and the utility perspective for dry control 
technologies. Other papers focused on the la test advances in fundamen.,..al research 
and process design, power plant integration and economics, field applications, and 
full-scale testing. A panel of representatives frorr. architect-engineering firms, 
boiler manufacturers, and utility co~panies discussed the impact of dry S02 control 
processes on new and existing power plants. 

The s~eakers included EP~I and EPA staff menbers as well as representatives from 
utility companies, manufacturers of utility boilers and process equipment, sorbent 
suppliers, and research and develoor.ient qrouos conducting investigations sponsored 
by E?RI, EPA. and others. ·Participants from West Germany, France, The Netherlands~ 
Austria, Canada, and Japan provided a worldwide update on technological developments 
and an international perspective on SOz and S02/NOx control issues. 

The Cochairrnen of the symposium were Michael W. McElroy, Subprogram Manager of 
EPRI's Air Quality Control Program in the Coal Combustion Systems Division and 
Richard D. Stern, Chief of EPA's LIMB Applications Branch of the Industrial 
Environmental Research Laboratory.* The welcoming address was given by John Ha~rick, 
Vice President of Customer Service for San Diego Gas & Electric and the keynote 
address was given by Donald J. Ehreth. Deputy Assistant Administrator, Office of 
Research and Development, EPA. 

The symposium proceedings has been published in two volumes: 

• Volume l: Fundamental Research and Process Development 

Session 
Session 
Session 
Session 
Session 

I: 
II: 
I I I : 
IV: 
v: 

rntroduction 
Fundamenta 1 Research 
Pilot-Scale Development 

Burners for Simultaneous 
Post-Furnace S02 Removal 

of Furnace Injection 
S02/NOX Control 

(*) :>!ow, the Air and Energy Engineering Research Laboratory. 
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• Volume 2: Power Plant Integration, Economics. and Full-Scale Experience 

-- Session VI: 
Session VII: 

-- Session VIII: 

Process Integration and Economics 
Sorbent Availability and Costs 
Field Applications and Full-Scale Testing 
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ACID DEPOSITION STRATEGIES AND 
IMPLICATIONS FOR CONTROL TECHNOLOGY REQU:~E~ENTS 

Donald J. Ehreth 
Oeputy Assistant Administrator 

Office of Research and Jevelopment 
U.S. Environmental ?rotection Agency 

Washington, DC 20460 

It is really a pleasure for me to be here today. My pleasure stems 
principally from the importance of the topic we have assembled here to discuss, 
acid deposition. 

I would like to begin by describing ~Y personal introduction to the topic, 
so you can get a better feel for the factors that have guided EPA's interest in 
acid rain control. Then, I plan to bring you up to date on the history of the 
work going on to help solve the problem. I'll close my talk with just enough 
details of some of the presentations that are before us to whet your appetite 
and prepare you to consider several approaches to solutions being considered by 
both EPA and the remainder of the engineering research community, both here and 
abroad. 

Although EPA and the other involved segments of the scientific community 
had already expressed considerable concern about the effects of acid deposition, 
my involvement peaked about July 27, 1983, when, as Director of the Office of 
~nvironmental ~ngineering and Technology (CEET), I wns asked to convene a panel 
of experts representing industry, boiler ~anufacturers, engineering firms, 
academia, research consulting firms, public policy groups, the powe~ industry, 
burner manufacturers, manufacturing and chemical industry representatives, and 
(of course) EPRI. 

Prompted by the receipt of SS million from Congress in the Limestone 
Injection ~ultistage Surner (LIMB) area, we convened the panel of 19 people, 
many of whom are here with us today. I asked the panel three questions: 

(1) Is the relative emphasis between the LIMB research and development 
program, and the wall-fired boiler LIMB demonstration project as 
envisioned by EPA appropriate? 

(2) Is the LIMB demonstration feasible within the ti~eframe proposed by 
E?A? (EPA proposed that a design manual be available by 1988 so that 
"somebody" can put this thing Or\ the street after its being demonstrated 
at a reasonable boiler size.) 

(3) What is the probability of a successful LIMB demonstration? 

At that time, public interest regarding acid rain had been steadily growing. 
Congress was interested. Congress was active. Congress was excited. Many 
bills (no less than 15 of which specified some degree of emission reduction, to 
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indicate an opening for control technology solutions) were floating through 
Congress. EPA's LIMB program at that time was focused on research and develop
ment, leaving the demonstration and commercialization to the private sector. 
Basically, we were going to turn over EPA's prototype and pilot plant data to 
the private sector, which would then assume the responsibility for commercial
ization. That is, i~ fact, the philosophy of the Administration: to encourage 
the private sector to co~mercialize solutions to pollution problems, as well 
as other problems facing the nation. 

F.PA laid out very ambitious goals for both degree of removal and cost for 
LI~B. ~e had established a goal of 50 to 60 percent reductions of S02 and ~Ox 
for retrofit systems. We were estimating capital cost savings of 703 and 
overall cost savings of up to 503 for LIMB vs state-of-the-art flue gas des~l
furization technology. So~eone had asked if the claims were valid. ~ere they 
figments of our imagination, or were they real? That's why we convened the 
panel. \~e asked them to help us. They ·were unbiased. They had nothing to 
gain or lose from the exercise. I was delighted to work with such a fine 
group. They were candid. it was a o~e-day session. No one left until the 
final "gong." !='ram my perspective, it was an incredibly successful ve'1ture. 

Following the panel meeting, I wrote a summarizing report. ~et ~e summarize 
tie panel's co~ments responding to the three questions I asked initially. 

Question 1: Appropriateness of the relative emphasis between LIMB research 
and development and the de~onstration project envisioned by EPA: Of t~e panel, 
37 percent supported the proposed approach; the )alance split almost equally 
between more research and development emphasis (21 percent) and nore demonstration 
(26 percent). Three panelists (15 percent) did not express any clear-cut 
opinion. 

Question 2: Feasibility of the demonstration within the proposed timefrarie: 
All panelists supported the need for at least one demonstration to prove the 
technology. ~any questioned the adequacy of a single demonstration to cover 
all ooi1er/size variables. That the schedule should be at least as fast as 
that proposed by EPA was supported Dy 69 percent of the panel. Some of those 
attending saw 1990 as looming on the horizon, and 1988 as a bit too tight. 
~ost (53 percent) of the panelists agreed that EPA's schedule was fairly reason
able. Some favored delaying the schedule for a year or two. In fact, between 
16 and 26 percent of the group favored delays in place of any acceleration at 
all. In brief, there was a broad range of opinions on this question; however, 
for the most part, the panel concurred with EPA's proposed schedule. 

Question 3: The probability of success, defined as 50 percent S02 removal 
Jsing high sulfur coal within 3 years: Nearly three-quarters of the panelists 
indicated a 50/50 probability of success, with estimates ranging as high as 
70/30. Although 21 percent of the panel did not express a quantitative opinion, 
~o strongly negative opinions were expressed. In fact, several panelists were 
quite positive concerning the potential of the technology. 

The panel's conclusions followed an elaborate in-depth presentation of 
~PA's latest data. In fact, some of the data had just been generated the day 
before, and presenters were arranging graphics and drawing conclusions on the 
plane from the West Coast the night before. 

Something interesting happened at the meeting, something that we hadn't 
anticipated, but something that led to bigger and better things. In addition 
to answering the three questions posed by EPA, the panelists evidenced interest 
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in a presentation by the Southern Company/E?RI program. Southern's research 
favored an intermediate step of using a 20- to 80-MW boiler in the research and 
development ~efore the demonstration. Nearly 40 percent of the panelists 
recom~ended this approach be considered, although individual views varied 
significantly. In other words, many people thought that EPA's proposed demon
stration timefra~e was acceptable, but suggested adding a smaller unit before 
the final demonstration. 

A number of the panelists expressed the need for close communication 
a~d coordination between EPA and EPRI. In the past, they said, these 
organizations have ~et informally and infrequently on LIMB. The need for 
a ~ore formal mechanism was apparent: the Office of ~anage~ent and Budget 
(CMB) seemed to know what each of us was planning to do. ~e'd meet with 
CM3; they'rt tell us what EPRI was doing. £PRI would meet with OMB; they'd 
tell them what ~ 0 A was doing. But although there was comnunication at the 
wor~ing level we never formally got to the same table at the same time. 
Furthermore, although neither of us had claimed all the technical expertise 
available to solve the S02/NOx control technology program, many of us 
t~ought that (collectively) we could go a long way to develop sensible, 
technically feasible, and cost effective solutions to the mounting public 
issue. 

George 3reen, w~om you will hear from in just a little while, told 
~e recently what had to be done. George told me unhesitatingly that 
there just wasn't enough money for EPR: and EPA to work independently. 
He said that there had to be a way for EPA and E?Rl to pool resources and 
work together. 7he bottom line was t~at EPA and EPR: did get together 
and, I believe, both learned to value compromise and cooperation. 

We are testing a smaller boiler than EPA had originally intended to test. 
This option was strongly supported by EPR: and others in the July 1933 meeting. 
=rankly, we at EPA did not support it at that tiMe. Furthermore, out of that 
1~eeting grew a joint steering committee for field projects and collection of 
information on foreign technology and demonstrations. We are developing a 
cooperative research agenda. We have technical coordination and infor~ation 
exchange meetings eve~ 6 months (two of which have already been held). I believe 
that this synposiurn is a manifestation of EPRI's and EPA 1 s joint commit~ent to 
respond to the acid rain issue with sensible, technically sound, and cost-effec
tive research strategies. 

EPRI and EPA both support these goals; and today's attendance shows that 
we are not alone. The problems are many and there is enough room here for all 
of us, but let's continue to share needs, goals, research status, discussion of 
technical issues and, Most importantly, technology transfer. It is no secret 
to us, the air pollution control technology professionals, that the 
ration's attention has been focused on acid rain policy discussions within 
Congress and the Executive Branch for the past several years. For this symposium 
to focus on that debate would be a ~ajar loss of time and talent. Let's continue 
to focus on technical issues. If and when Congress passes legislation that is 
signed by the ?resi~ent, the clock starts ticking and the hour of crisis begins. 
That's been the experience in the past; and the future should be the same. 

The theme of today's conference is to continue what has been started. 
At that meeting in July 1983, the attendees (not just EPA) got a glimpse 
of EPRI's and industry's plan; however, only a few participants at that 
meeting presented real data or plans relating to their own LIMB-like 
control technology. Things have changed since then. We are building on a 
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spirit of cooperation, born in 1980 and 1981 when WP (EPRI and EPA) began to 
jointly sponsor FGD and NOx control technology symposia, and to jointly fund 
~rejects to improve electrostatic precipitators (ESPs). 

EPA recently implemented the State Acid Rain (STAR) Drograrn. It is an attempt 
at contingency planning, an attempt at front-end planning and analysis of 
issues which could flow from an acid rain control program if one is enacted. 
STAR will focus exclusively on management and administrative problems and 
solutions. Research needs might flow from it, but definition of research needs 
is the problem for us and the Interagency National Acid Rain Program. The 
National Acid Rain Program is aimed at establishing the scientific underpinning 
for tne cause and effect (or source-receptor) debate. The control technology 
research effort night also be considered contingency planning, and that's why 
the government has research in ~IMB, coal cleaning, fluidized bed furnaces, and 
0ther areas. 

The various acid deposition bills that were introduced in the 98th Congress 
included approximately 15 Measures which required emission reductions. At this 
ti~e, I am not sure of what legislation will be introduced by the new Congress, 
what it will contain, nor do I want to speculate. As I said before, that is 
not the purpose of this conference. It is ~ufficient to say that the issue 
will appear again. Let's assume that the fundamental feature, emission reduction, 
will remain. Therefore, research in this area continues to be appropriate. 
Congress obviously feels strongly: they appropriated SS million in 1984; in 
1935 they gave us an additional S5.5 million; and with that money we plan to 
de~onstrate wall-fired boilers and set the stage for demonstrating tangentially 
fired boilers. LIMB technology, if fully developed to our expectations, would 
be uniquely suited to take advantage of a flexible control implementation plan. 
~ssuming that simultaneous S02 and NOx controls would be allowed, LIM9, at a 2 to 
1 ~Ox/S02 t~adeoff, would afford a very attractive cost benefit. We would project 
that LIMB would be considered equivalent to 70t percent efficient FGD .if it 
achieved 60 percent reductions of both SJ2 and NOx, or equivalent to i 60 percent 
efficie~t FGD if it obtained only 50 percent control of each pollutant. 

During the next few days, you will hear over 45 papers on all aspects of 
dry SC2 and simultaneous SOz and NOx controls. The topics include, fu~damental 
research stressing process chemistry and sorbent, gas mixing, pilot-scale develop
ment, the burner configuration for NOx and S02 removal, post-furnace S02 removal, 
and sorbent availability and cost which, by the way, can account for 20 to 50 
percent of projected annual revenue requirements. You will hear about field 
application and testing. You'll hear about key research findings. 

For example, we feel that sufficient data are already available for proof 
of concept. There is a very narrow window establishing efficiency at somewhere 
between 1600 and 2300°F (871 and 1260°C) and sorbents should not be exposed to 
higher temperatures. The residence time in that temperature window is extre~e1y 
short, perhaps less t~an 1 second. Therefore, mixing is critical. ~e found 
out recently that we probably would require high surface area sorbents to meet 
and possibly exceed our perfon~ance goals. Because of the ever-present potential 
for slagging or fouling or ESP loading or overloading, high surface area sorbents 
offer the possibility to reduce the need to add significant quantities of solids. 
However, there is always some good ~ews accompanying such warning: you'll be 
hearing that the impact of sorbents is manageable. Full-scale demonstrations 
will also be discussed, all completed recently or on-going both in the domestic 
and foreign scene: DOE's project, Conoco's project, nnd projects in Germany, 
France, Canada, and Austria. And I know that we have visitors here from Sweden, 
Japan, and other countries. 
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These few days of exchange can bring all of us to the same level of under
standing and knowledge. Then we can move on toward achievi~g a consensus on 
the remaining problems and, finally, agree on the R&O that is needed. T~is is 
essential; as George Green has said, "there just isn't enough money to go 
around." Supportable performance and cost data are needed if this technology 
is to be factored into planning. Industry and government nave a unique opportu
nity to work together as ~e've already started to do. I especially applaud the 
organizations of this symposium who assembled this group and who did the leg 
~ark, the hard work, and the late night work to put it together. And last, but 
rot least, I draw special attention to those participants from Germany, France, 
Canada, and Austria. I look forward to the results of this outstandi~g display 
o~ cooperation and am proud to have played even a small role in it. 
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THE EPRI PROGRAM -- BACKGROUND ANO ~10TIVATION 

John S. Maulbetsch 
Electric Power Research Institute 
Coal Combustion Systems Division 

· 3412 Hillview Avenue 
Palo Alto, California 94303 

Good morning and welcome on behalf of EPRI to this 1st Joint Synposium on Ory S02 
Control and Simultaneous S02/NOx Control Technologies. It is a pleasure for us to 
participate in this conference with EPA and to continue the tradition of giving 
joint attention to important technologies for air quality control. I think this 
conference may :ie re:nemberd as a landnark session in that it is the first of its 
type devoted to just these particular technologies. As Mike McElroy noted while 
introducing rne, I am new to this research area. So to the degree that these are 
emerging technologies, I guess I might be described as an emerging technologist. 

~Y charge this ~orning is to give EPRI's perspective on these dry control options. 
To begiri, let me say that there is clearly a fundamental benefit to having a variety 
of approaches to any particular problem. One of the obvious characteristics of the 
electric utility industry is its diversity. Across the industry, there is a 
diversity of financial situations; a diversity of regulations that have to be 
contended with; a diversity of fuels, sizes of plants, ages of plants. availability 
of water resources, availability of space for the rMnagement of solid byproducts; 
and a diversity in the degree to which each utility is prepared to accept the risks 
of technological innovation. Therefore, when you pose the question, for example, of 
how to deal with acid rain related pollution control requirements, you get, as you 
would expect, a great diversity of opinion. No one solution need be universally 
preferred at all times and in all places in order to be useful. But each potential 
solution does have to have a niche, and one of the things that we have to be 
attentive to as we do our research is identification and characterization of these 
niches. S02 control can be achieved in many ways -- from plant retiref'.'lent to fuel 
switching, fuel blending, fuel cleaning, or flue gas treatment -- and the 
technolgoies we are considering here today, particularly furnace sorbent injection, 
are fundamentally different ways. Personally, I think furnace sorbent injection is 
an especially attractive approach in that it represents intervention in the process 
of power production to control pollutants at the point of their liberation or 
formation. This represents another strategy in the arsena 1 of technologies 
available to the industry. 

If there is a theme to my remarks today, it is that dry S02 control and siriultaneous 
NOx/S02 control have been and still are grounded in perceptions. As our research 
continues, this is changing of course. But, whether this change is coming as 
rapidly as the forces which may lead to decisions to i~plement the technologies is 
not entirely clear. Decisions to imple~ent are coming fast upon us. and they may 
have to be 'Tla.de without all the facts in hand. If so. they will necessarily be made 
on the basis of current perceptions. 
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One important perception is that these technologies are siMple and inexpensive. Now 
that's bound to be a plus. They represent, I think, a part of a trend away from 
end-of-the-pipe technologies that are perceived as co~plicated and expensive. I 
have a colleague at EPRI in the health effects group who in a previous incarnation 
was involved in a 11\lssive survey of health care services in the United States and 
around the world. E~phasis in the survey was on the relationship between levels of 
health care and economic welfare. After several years, several Million surveys, and 
the expenditure of a great deal of ~oney, the survey team held~ press conference to 
reveal its finding. The finding can be su,,med up in one sentence: "It is better to 
be well and rich than to be sick and poor." I guess the technological equivalent of 
tr1at is that it is better to be simple and inexpensive than to be complicated and 
costly. Technological simplicity, however, implies rnore than just conceptual or 
mechanical simplicity. It implies in sone sense an absence of risk, or at least an 
understanding of the risks involved, and a sense that you are not buying into 
problems that are not obvious from the beginning. 

As to the perception of low cost, I think there is general agreement that these 
technologies represent a substantially reduced first cost. ~owever, the degree to 
wriich they represent a reduced total cost depends strongly on the performance 
expe~tations you hold for them and what you think you are going to need to do to 
reduce whatever uncertainties and risks that are associated with them. So there are 
sorie countervailing concerns, and some of these concerns are based on historical 
experience with technologies which were less than completely satisfactory. In this 
vein, ~r. Stern spoke earlier about being a born-again dry injection technologist, 
and harped back to the experience in the 1960's at TVA's Shawnee plant where dry 
injection did not perform as well as might have been anticipated, and where the 
effect on the boiler was less favorable than anticipated. 

A riorient ago I talked about risk, and how simplicity might be interpreted as 
;~plying an absence of risk, or certainly of reduced risk. This is not to say there 
are no strong perceptions of risk with these technologies, however. For example, 
there is the risk of whether the results we are seeing at the bench scale and the 
pilot scale can be achieved at full scale. If the achievable perforll\lnce at larger 
scale is less than expected, then the economics of the process get called into 
question. There is also the risk of exacerbating particulate control problems by 
adding large quantities of additional material which 11ust be taken out in 
particulate control devices. This concern is especially critical in retrofit 
situations. 

Another risk is that the generation of solid byproduct~ of a different physical and 
chenical composition may rnake waste managerient both in and outside the plant more 
difficult. Finally, and specifically with furnace sorbent injection, there is the 
risk of fouling the boiler by intervening directly in the combustion and heat 
transfer process. 

Given these considerations, these perceptions, what then has been and is EPRI's 
attitude toward these technologies? In a word, they clearly look like they are 
worth a shot. If the risk can be dealt with -- and as we proceed with our work I 
think we are coming close to the conclusion that they can be dealt with -- then the 
hoped-for results look well worth the effort of an intensive research, development, 
and demonstration program. 

To take furnace injection as an example, let me give you a bit of the history and 
scope of our EPRI research effort. We started off 2 or 3 years ago with some proof 
of concept work in conjunction with MHI on a tangentially fired pilot-scale boiler 
in Japan. This work was done at a modest scale, but it confirmed the expectation 
that perforll\lnce was good. We moved from there to more general bench-scale work in 
cooperation with Southern Company Services and Southern Research Institute. Here we 
tried to learn more about the fundamentals of the process -- where one ought to do 
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the injecting, what one ought to do with regard to the choice and preparation of the 
sorbents, and what te:rperature was appropriate. At the same time this was going on, 
similar rekindling of interest was going on at EPA and elsewhere. In ~id-1983, we 
tried to bring the programs together in a formal way, and in the course of doing 
that we all learned some things. We learned more about performance and what governs 
it, we learned more about where to inject the reagent, about how you go about 
choosing the reagent, and about how you go about preparing the reagent. We have 
learned so~thing, I think, about the relationship between the injection process and 
the co~bustion process, and about the mixing in the postcombustion region that gives 
us yet a better chance for success. Probably the most significant question 
re~~ining is the risk associated with the boiler. In this regard, we and others 
will be continuing to work at the bench scale and at the pilot scale to learn more 
a~out the fundamental rrechanis~s involved,othe hoped-for result being, of course, to 
increase our confidence and our ability to scale results up to large sizes. 

We are also about to ir'litiate a substantial program to look at waste rnanagerrient 
issues associated with these technologies as well as with atmospheric fluidized bed 
coal cleaning and other nonstandard coal combustion processes. Given that these 
technologies involve new. fundamentally different wastes, our goal is to see 
whether we are buyng into anything fundamentally different and more coriplex in the 
in-plant management of waste, its transport, containment, and the degree to which 
injection may affect the potential for waste utilization. We have seen waste 
utilization start to displace disposal for standard flyash, and it would be 
regrettable, I think, to somehow interrupt that trend by not being prepared for it. 

Some of these issues can only be dealt with at the demonstration scale, so it is 
important to move as quickly as we can out of the laboratory and out of the pilot 
scale into field derionstration. It is with this in mind that we look forward to 
formal cooperation with EPA in its recently announced demonstration with Babcock & 
Wilcox and Ohio Edison. We are also looking vigorously right now for other 
der:ionstra ti on opportunities. We think it is important to conduct demonstrations in 
a variety of sit~ations using a variety of fuels and a variety of boiler types under 
a variety of utility operating conditions. So, we will be working hard over the 
next few months to identify some opportunities for this type of demonstration. We 
ho~e to have companion de~onstrations to go along with the EPA work by perhaps 
1986. 

~any of my remarks here today, and those of previous speakers, have e~phasized 
furnace injection. Part of my rationale for this is that I will be followed here in 
a few ~inutes by George Green who will talk in detail about backend, or baghouse 
injection of both sodium- and calcium-based sorbents. This technology is a little 
further along, really at the stage of commercialization, and we at EPRI have a sort 
of fatherly interest in it, having been associated with bringing it all the way from 
the laboratory to the commercial arena. Development of flue gas dry sorbent 
injection technology is almost a teKtbook exa~ple, I think, of what a well thought 
out research program and the cooperation of the right kind of parties can accomplish 
in a relatively short period of time. 

Let me conclude simply by saying that there are a nu~ber of interesting technologies 
on the table here, all of which I think have a real potential to make a difference 
in the way the industry we serve does business. I am optimistic about their 
potential; I hope we are successful in achieving it; and 1 hope we have a good time 
in the process. 1 look forward to working with all of you in the years to come as 
we continue in this direction. 
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ABS TRAC 

EPA's L:MB R&D FROGRAM - EVO~U~ION, STA7US. A~D PLANS 

G. Blair Martin and James r.. Abbott 
Industrial E~vironmental ~esea,...ch Labcratory 

U.S. Environmertal Protection Agency 
Research Trlang~e Park, NC 27711 

The LIMB R&D orograM has provided a detailed understand'rg of t~e ~ey processes 
goverr,ing sulfi.,r capture with sorbents. While it appears that l irrestone al::rne will 
not achieve program goals, several other pronising soroents have been identified. 
Basea on the R&O results and cost est i11ates use cf U1ese sorbents, LIMB shews 
substantial promise as a SOx and NOx ccrtrol technology for retrofit applicatiars. 
The ongoing R&D program should resolve the re~ai~ing tec~nical questions and provide 
a bas:s for w:despread private sector conr.iercia~ izction. 

This paper pv-ovides a brief history of sorbent injection :echnology, synops'zes the 
status of L.IMB R&D, and discusses futuv-e program pia!ls. 

HHRCDLCT ION 

The EP~. is develooirg Liiiestone Injection with ~1ultistage Burners (LIM3) as a 
potential low ccst con:rol technology for SOx and ~Ox, which are ~e~ ieved to be two 
of the najor precursors of acid precipitation. The LIMB progran is structured to 
provide an u1derstanding of the control' 1rg factors in the process and to establish 
a Jas1s fcv- pri·vate sector decisions on ccmnercialization. Tne purpose of this paper 
is: 1) to provide a brief history of previous and other CJrrent sorbert furrace 
injection e&fcrts; 2) to summarize the status of the L:MB Jrogram; and 3) to outl ire 
planned research ard develoorrent. Most of the technical sLbjects discussed in this 
paper will ne discJssed in greater detail by other synoosium presentations. 

BA~<GRCU~.D 

Sulfur oxides (SOx) ana ritrogen oxides (NOxl are two ~ajor pollJtants resulting =ram 
the co~bJstion of fuels. Coal fired utility boilers accoi.,n: for anout ?C percent of 
the SOx and 2C-25 Jercent a= the NOx enissions i~ the ~1ited States. For the lBJ,800 
Mw of coal f'red boiler capacity east of the ~1ississipp; River, this amounts to 
ap?rox'mately 16 million tons* of SOz and 4-5 mil lion tons of NCx oer year. Only 
about IC percent of these ooi:ers are subject to NSPS contro·s for SOx and NOx· 
T~erefore to accomplish a~y significant reduction in SOx and NOx reqLires a retrofit 
of existing boi 1 ers which 'Tiay have a remaining ...iseful 1 ife of from 5 to 30 years. The 
vast majority o= these are wall-fired .and tangential'y fired boi~ers. 

-,.. 1 or = 
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The seriousness of the acid rain problem and the importance of various acid orecursor 
sources are still Lnder debate; however, control of S02 fro~ utility boilers is a 
major e1enent in all proposed strategies. In addition NOx is increasir.gly being 
linked to forest danage mechanisms. Proposed reductions of S02 range f~o~ 5 to 12 
~ill icn tons per year, and the issue of an NOx offset is beirg deoated. 

Cantrel Technology Options 

Tre choice of emission control strategies will ~ave a significant ef~ect not only on 
the a~ility to achieve any mandated reduction but also on its ccst to the ~ation. -he 
fi~1al decision on the tecf'inology Tix will be based on the availati',ity, speci~ic 
performance, cost, and overall economic impact on the nation, inclJding socio
eccnomic factors such as disolacerrent in :he wor1< force. Among :he choices 
com~erc~ally avai 1 able are coal switch~ns. coal cleaning, and various types of-flue 
gas desulfurization (FGD) systens. In addition, some early analyses indicatea that 
a low capjtal cost technology wo~ld be attractive even at 1loderate S02 removal (e.g., 
5C percent control). Although there are severa1 approaches bei'lg developed, none of 
:he po:ential 'ow cost alternatives have been demonstrated. One SLch rapidly 
e~erg;ng technology is LI~B which is based or injection of sorbents i'lto the boiler 
for direct capture of S02 from the combJst:on gases. 

History of Sorbent Injection 

There ls a considerable body of bac<groLnd informa:lcr on sulfJr captJre by i'ljection 
of scrben:s into a conventional boiler. ~he inforTation includes the experience in 
the U.S. with sorbent injection t~rouqh a nL~ber of bo:lers in the la:e 1960's and 
ea,..ly 1970' s, so11e CJrrent experie'lce ('!Germany on both brown coal bo; 'ers and other 
s~a;l-sca 1 e experimental fac1lities, a'ld, finally, EPA testing using the d;stributed 
mixing :ow-NOx burner with sorbent i'1jectior. ~n a pilot-scale facil'ty. This 
~ackground section will presen: scne of tne details of each of t~ese categories of 
experience. 

~.S. Experience. In the late 1960's the f'iational Air Po11Jtion Control A.d
m1stra:;on---rNAPCA, an EPA predecessor) ar·d ether organiza:ions carried out a wide 
range of experinental work on sorbent injection for SOx control. Th~s was a part of 
:he i1itial evaluation of t~e vario~s tecnno1ogies that wi~ht be viable for SOx 
control where the contra~ levels desired were from moderate to the waximu~ possible 
re~oval; i.e., on the order of 90 percent. The stt.;dies that ·..,.ere carried out 
invo:ved both ir-house work at ~~;:\PCA laboratories and contract work by boiler 
manufac:urers and others. In addition to this, uti1ities, boiler nanufacturers, and 
other organizations expended private resources exa~ining the same technology. In 
genera~ in these experi~ents the emphasis was on the injection of the sorbent into 
existi'lg boilers separate fro~ the coal and combJstion air. The experience gained 
at this ti~e covered a wide range of boiler designs inc'.uding wall-fired units, 
tangentially fired units, and arch-fired units. The re~ative lack of success, 
compared :o performance of FGD and the associated boiler operational problems, led 
to an end of the work at that ti~e. While the conditicns that we are examining at 
~resent are d~fferent than the conditions that existed in ':.he '.ate :i.96C's, it is 
worthwhile to consider the experience at that ti~e. 

NA?CA conducted a field evalJation progra~ on a 150 MW boiler at the Shawree Station 
of the Tennessee Vctlley Authority for the injection of li~estone into the boiler. 
~he l imestore was in~ected ~n:o the radiant cavity of the boiler at a location above 
the top row of active burners. The reported data indicate that the captJre at two 
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times stoich'onetric calciLm-to-sLllfur ratio was of the order of 20 percent and 
that, for captures aoproaching 50 percent, as ~uch as seven tirres s:oichiometric was 
recJired. There are a r.Jmber cf reascns quoted for this relative lack of success. 
He t1"iC Tentioned most often are: (1) dead burning of the 1 i:r.estone, ar.d (2) 
irsJf~~cient mixing. Dead burninq is the phenonenon of heating tre 1 i~estone to a 
tenJeratLre above which the fresh calcine, 1 ime (CaO), recrystallizes, causing the 
reactivity of this li11e (as inflLJenced by the surface area) to decrease drama
tically. Urder these high temperature conditions the potential for captJre is thus 
redJced, a~d there would be a decomposition of any calcium-sJlfur complexes that may 
have for~ed before the dead burning occJrred. :n terms of ~ixing, the theory was 
that. since the l i~estone was ~njected w~th relatively cold jets 'nto strearrs of hot 
gases rising from the combustion zone, i~sufficient mixing and contactirg of the SOx 
with the sorbent cccurred. Wnatever is the correct explanation, it should oe noted 
:hat the sJccess i~ this particJlar effort on a wall-fired boiler was very l iwited. 
:n add~tion, bol'.er operability proble~s. including convect've pass and preheati~g 
plugging, were observed. 

~he other efforts, 1·;hich rray relate r.iore directly to tire condi:'or.s of ccrcern to the 
_rvE progran, were the exper;ments carried out in both tangent1a"ly and arch-fired 
bci~ers. ~n these boilers the mixing of air ar.d fuel is delayed and, as a resLlt, 
it is theorized that the pea< terr;:>eratt..res are lower. In addit10'1 to this, t'le 
boilers are slow mixing devices where the fuel exists in a fue1-rich zore for a 
s'gn~f icant :er~od of time before mixing with the air. For t'l;S reason both of these 
systens in an uncontrolled mode give relat'vely low leve's of NOx compared to the 
wa·~ boilers cf the same vintage. For both the targential ly ard arch-fired ~oilers, 
SJl&Jr caJture levels approaching 50 oercent for stcicn'ometric ratios of calciu~
to-sL1fJr :ess than two nave been reoorted in the literatLre. 

Ger~ar Experience. Within the past few years two activ·t1es related to sorbent 
in~ect1on for con:-.rcl of SOx have been initiated in the Federal Republic of Germany. 
:nfornation related to t~ese ~oilers was alsc corsidered 'n strJctt..ring the LI~B 
orogram. Wnile ~he GerTan work is germane ~o the ct..rrent LIMB progra11, differences 
in f'Jel characteristics and boiler designs co net allow direct extrapolatio'1 tc :.J.S. 
boi'ers. 

R'1ein:scri-Wes:falisches Electrizitatswerk (RWE), the major brown coal burning 
uti~ity 'n the Federal RepLblic of Germany, has per;orned the most advanced German 
effort. The properties of brown coal are between those of peat and 1 ignite, and the 
brown coal is nined by a stripping technique involving a large geographical area. 
The cha~acteristics of brown coal are high moisture (up to 50 oercent), ash with a 
highly fouling characteristic because of high alkali metal content, and relatively 
·ow sJlfur. The RWE work was initiated because of concern about the possibility of 
su'.fJr emissions standards for German utilities. Under normal operation the alkali 
ir the '.:lrown coal captures a significant perce'lt o; the si...lfur; however, the 
comoos' ti on of fLJe l changes in such a way that, as the fLe 1 SJ 1 fur increases, 
genera~ly the alkali decreases. Jnder the scenario of naximurr sulfur and minimJrr 
ahali, the inherent capture wou;d probaoly be ir.sufficient to rieet the anticipated 
Ger~an regula:icns. For this reason RWE looked into the possibility of incremental 
al<al i metal addition for additiona~ capture to meet the standard. The initial work 
was carr:ed out on a small down-fired research facili:y where sorbent effects, fuel 
effects, and operating variables were examlned. Based on this work, t~e conclusion 
was that tne sorbents in the order of decreasing effect'veriess were calcium 
rydroxide, calc'u11 carbonate (limestone), and ca~cium oxide (precalcined lime). 
While the uctiv'ties of the calcium carbonute and calcium hydroxide were close 
together, the ac:'vity of calcium oxide was considerab:y less. Based on the results 
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of this testirg tne syste~ was ~~stalled and tested on a 60 MW (electrical) boi1er 
in the RwE syste~. 

Based on tne s~ccess at the 60 M~ scale, RWE has instal~ed this technique on a 300 
~W brown-coal-Fired power Dlant. As opposed to the relatively simp~e and cuic~ 
instal 1 ation used at the Fortuna Station (60 MW), the 300 Mii unit required a 
signi~;cartly nore extensive ecJip~ent invest~ent. Inc 1 uded in the effort were the 
provision of a rail s~di~g for supply of the 11mestone or calciJ~ sorJent to be used 
~r :he sys:em, bunkerirg capacity, and the poss~bil ity of additioral pulverization 
capability. The estimated cost of th;s effort is about $12 1illion or "'0...1ghly 
$40/~~. It should a~so ~e ~oted that, because of the orecipitator design and the 
repcrted changes in the ash c~aracteristics, the antic=pation is that no changes in 
the precipitators w'll be re~uired to com~ly with the recessary par:iculate removal 
efficiencies. ~herefore, no incremental costs for upgrade cf the particu1ate 
collection system are included in this riu~ber. 

L&C Steir.nJller G:nbH, one of trie 11ajor 3erman boiler marufacturers, has explored the 
applicab'lity of the distributed mixing b:..Jrner conceot to :heir boilers. Followi~g 

some 'imi:ed pilot-scale testi'lg at IFRF, Stein:ru1ler exercised a :arget of 
opportunity at a 700 ~W boiler located 1ri the Saar region cf Gerrany. Jurin; an 
ou:age sched~led for other mairtenance the burrer zone of the boiler was modif:ed 
to ircorporate four ter:iary ports in the wall aroJnd each cf the exlsting bur~ers . 
. he NOx perfor~arce of the boi~er was reduced fron a baseline nLlmber cf around 600 
ppm at 6 percent excess oxygen to around 25C po~ at 6 percent excess oxyger.. 

L&C Steinmuller has also done extensive ~ilot-scale work en sorbert injection with 
its staged ~lxing burner. 3ased on experi~ental results at 10 to lOC x 106 Btu/hr*, 
L:S has irstalled a sorbent injectlo~ systeT at the ~e=her 1:1 ociler. Performance 
eva~ua:ion is scheduled for late :98~ to early :985. 

EP.I\ Oistributed Mixing 3urr.er Testi~. In 1979 a limited series of pilot-scale 
te.sts were carried OJt at the 10---x-TO Btu/hr scale :..JSing sorbent ir.~ection through 
the distr'buted mixing burner. This testing was carried out based on theoretical 
ana~yses s:Jggesting t'iat the presence of fuel-rich condi:ions ard delayed heat 
release leaaing to ~ower peak tenperatures rright give a beneficial effect for 
sorbent re~cval of SOx in second-generation low- NOx burners. For :his particular 
tes: ~ rg, tr.e SOx removal was eva l 1~ated based on gas-phase measLre~ents of SOz in the 
f lJe gas, and no attempt was ~ade to close the sulfur balance. 

~he testing was carried in the s~all watertube simulator (SWS) located at the EERC, 
El Toro, facil i:y. The burner was a dual-throat distriboJted mixing bu'·ner tha! had 
been Jsed for developirg basic design criteria for second generation staged 1ow-N0x 
burners. For this test series, pre-pulverized sorbents were used. The sorbents 
were mixed with the coal, and tne coal/sor~ent mixtJre was passed throJgh the 
pu 1 verizer. This affected the p~lverization cf the coal and the intimate mixing cf 
the sorbent with the coal. The sorbent used included li~estore, sodium carbonate, 
trona (a mix:ure of sodiu~ bicarbonate and sodiJm carbonate), calcium oxide (pre
calcined 1 imestone:, and several natJrally occurring calciu~- and sodi:..Jn-containi~g 
minerals. Test results indicated that the effective additives were limestone, 
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sodiL .. rn bicarbonate, and trona. For l:mestone the observed removals ranged from 
approximately 50 percent at a calciJ~-to-sulfur stoichiometry of 1 to 80 percent at 
a calcium-to-sulfur stoichiometry of 3. For t'"ie sodium-based additives the rerrioval 
ranged from 40 Derce~t at a sodiuw-to-sulfur stoichiometry of 2 up to 70 percent for 
a sodium-tc-sJlfur stoichioretry of 4. While the absolute levels of emission 
rejuction should be viewed with caution, tne resJlts gave SJfficient i~centive to 
DJrsue the technology further. As a result of these tests, a nu~ber of hypotheses 
were fcrmulated as to the critical parameters in the reaction of li~estone with 
sulfur in distributed mixing burners. These include: 

(1) Intirrate ~mix~ng of the sorJent with tne coal leads to a high degree of 
contacting of the active sorbent w~th the sulfJr early in the •lame. 

(2) Sontact;ng of the calcium and su 1 f~r Jnder fuel-rich conditions leads to the 
formaticr of calcium sJ1f ide, which is stable to higher temperatures. 

( 3) Pea'< temperatures in the :iurner are be 1 i eved to be redi...ced. In addition, the 
SWS has a relative1y cold firebox. Both of :hese lead to lower pea:< tem;'.)erati..;res 
and therefore a higher like~ihood of retertio'l of the sulf~r by the sorbent once 
captJred. 

(4) The in-flame calcination of calciuT carbonate leads to a potentially higher 
activity of the sorbent and an enhancement of surface area during the 
calcination. When this process occurs in intimate contact with the sulfur 
specie, the capture r::ay be enhanced. The relatively poor results with pre
calcined 1 ir.estcre tended to substantiate :his ~ypcthes~s. 

(5; There is ev:de'lce that the 1 irrestone exiting the combustion zor:e has a high 
level of residual activity which coJld lead to subsecuent capture of s~lfur in 
the convective passes of the SWS. 

This :iackground informati~:in was usea in structJring the LIMB progra:r, >vhicri was 
initiated by t~e EPA in 1981. L:MB combines sorbent injection for SOx control with 
"cw-~Ox bJrners for ~Ox contro1. Low-NCx bJrners of various designs have been 
developed by both EPA and private industry and are capab~e of retrofit applicat~ons. 
The SOx control by sorbent injectiori ~s an errerging technology wh'ch has been 
developed by the EPA. The react'.on of SOx w~th sorbents (i.e., l imestore and other 
alkaline solids) is well krown under proper conditions (e.g., wet =Go). LIMB is 
based on injection of a scrbent directly 1'1to the hrnace ar.d its subsequer·t 
reaction with gas-phase S02 to forn a cry calciun sulfate. The amount of S02 that 
car be captJred is dependent on the type and arrount o" sorJent, its 11ixing with 
cornbJstion gases and fly ash in the furnace, and its thermal history. The relative 
sirnp~ icity of the technology lends itself to a relatively low cost retrofit on a wide 
variety of sys terns. The progra'.11 has beer structured to give the best prob ab: l i ty 
of" achiev'ng the stated goals of moderate SOx and NOx control (50-60 percent) at lcw 
cost ~itn applicability to the major partier of the existing Doiler pcpulat~on. A 
seccrdary objective is to improve the SOx removal eff ic'ency to 70-90 percent for 
1ev, so~rce's, w~th possi~le retrofit in selected cases. To achieve this, worr< has 
been concentrated in four major areas, as discLssed below. 

Generic R&D. The program is centered around generic R&D :o provi~e a complete 
~nderstanding of t~e irroportant factors in sulfJr capture by sorbents. This work is 
oerformed in exper~rienta1 systems which simulate conditions in a boiler without 
Deing SJbject to hardware constraints. The results to cate have shown that the 
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sJlfur capture is strongly depender.t on conditions withir tne boiler whic'i determine 
no: only the activation of the sorbent but a:so the resultant reaction with SOz. 
Tnis work has shown the necessity for considering sorbents other than li11estone 
(e.g. dolomitic and calcitic hydrates). T~e generic R&D is currently corcentrated 
in improved sorbent activity for retrofit systems. although it also has application 
to 'lew sys:e11s. 

Pro_totype Testir.g. The results of the small-scale generic R&D r.i1...st be scaled up to 
practical systems. As a1 jrter11ed:ate step pr'.or to a demonstration prototype, 
testi119 is carried out in large expeririental systems. In addit;on sma~l boilers rr.ay 
be Jsed to provide R&D data on scale-up, operability, and rel iabiiity. 

Wall-f;red Boilers De11or.s:ration. Wa~l-fired boilers, one of the two major types of 
boilers, are sOTaby-t.hree manufacturers: Babcoc~ and Wilcox, Foster Wheeler, and 
~i~ey Stoker. The wall-fired boiler, whicn is a major source of SOz and NOx, has 
been the subject of the :ritial L:~B develo::>rrent becaJse both the R&J background and 
~arge-scale experinental faci, 1ties were available. T~e demor.stration prcgra'TI for 
a re:;resentative wall-fired utility boiler was initiated ir FY8C. and '.s discussed in 
more detail below. 

Gereral izat ion of tne Technology. Tc be wide:y accepted, a well defined set of 
cr~ter1a ".'"or app11cat;cr. of -1~1.B to a wide range of boiler designs, coa1s, and 
sorbents is necessary. A l i'Tiited nt..m::>er of demonstrations alore may not be 
sufficient for widespread private sector co~mercialization. A key e~e~ent of the 
overall prcgrarn is to produce :he required information arid methodologies fer 
app~yirig LIM3 R&D to site specific desigr: decisions for any given boi:er. This wi 11 
be accomplished by a combination cf modell·ng techniques and supporting measure
~ents on cperat~ng ~oilers. 

RESEARCH ANO DEVELOPMENT PROGRAM STATUS AND PLA~S 

This se:tion discusses the c1...rrent status and R&O plans for each of the fcur ~aJor 
:;rogran areas discJssed i1 the prosram description above. 

Ge1eric R&D 

The L:M3 program has been based en the fact that a ccmolete Jnders~andi'lg of the 
process is necessary to give the maxim~m ~robability of SLCCe~sful cc~rnerciali
zation by the private sector. Generic R&D is relatively independent of the 
hardware-specific ccrstrair.ts of practical boilers and provides information es
sertial for application of LIMB to all boiler des~gris. This section provides a brief 
description of the current statLs, &allowed by a detai~ed discussion of plans for 
FY85 and follcwing years. 

CLlrrent StatLS. ~he ~&D has provided an excel lent insight on the effects of critical 
precess paraTeters on S02 capture. It has shown how these oaraneters affect sorbent 
activation ar.d subsequent su'.fur capture as a furction of conbustion system 
conditions. It has also provided an Jnderstanding of fly ash/sorbent nixture 
characteristics as related to slagging, fouling, and particulate capture. As a 
result cf these findings, it has been conclLded that iimestone alone will not 
achieve tne -r~B sulfur capture goals for many units in the U.S. boiler population. 
However, it has also provided at least two alternate sorbent aJproaches capable of 
'.T'eeti'ig or substantially exceeding the goal of 50-60 percent caoture. These 
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approaches, which are high s~rface area sorbents and promoters to enhance sorbent 
activ;ty, are discussed below: 

The coritinuing small-scale R&D needs are divided into 
er areas: 

1. IrroJse research has identified high surface area scrbents as a key factcr 
in cbtaining high su1fL.r capture. It has been shown that high sJr•ace area can 
oe generated external to the conbus~ icn ::irocess and/or in situ. These 
materials, '"'hi ch are processed ~ imestone (e.g., hydrates), have showri the 
;:iotent;al for sulfur captL.re in excess of 70 percent. The planned R&D addresses 
methods fa~ obta1n'ng highly reactive sorbents, for optimizing reaction 
conditions to achieve maximun capture, a~d for minimizing sorbent costs. 

2. Another key factor is the interaction of sorbents v-1ith mirieral rratter which 
can either enharce or degrade the sorbent reactivity. The most promising 
results iraicate that it may be possib 1e to acd S'Tlall amov1ts of relatively 
inexpensive, innocuoL.s promoters (mineral co11pounds) which \'1ill enhance the 
sorbent activity. SulfJr captures approaching those o• high surface area 
sorbents have been achieved with pro:-roted limestore in lirrited bench scale 
exoer'ments. It also appears t'lat promoters can significan:~y ir1prove the 
Jerformance of high surface area sorbents (e.g., hydrates). A significant 
effort is necessary to urderstand the enharcement mechanis~s and to provide the 
basis .;:or Jse in practical systems. It should be noted that a similar 
unjerstan~ing is necessary for other sorbent/mineral ~atter interactions w~ich 
can inhibit s1~lf1..r capture and wh,ich affect slagging, fouling, ard collecticn 
cnarac~eristics of the particu'ate. 

3. ~recess a~alysis has irdicated substantial benef i:s may be derivea from 
"'ecyc le of urreacted sorbent and promoters. In add it ion, ut i 1 izat icn of the 
spert sorbent ~r.d ~1y as~ has significant potential eccrcnic benef'TfS: Pilot 
scale Q&C is necessary to evaluate tne engireering feasibility of these process 
options. 

Proto 

Extensive prototype test~ng of wall-fired boiler lcw-~Ox bur'lers has been condJcted 
to evali..ate sulfJr capture potential with irjection of conventional sorbents. A 
substantial data base exists for beth NOx and SOx control potentia! of a number of 
exoer'rnental and commercial bur1ers. A~y addit1oral work will be in SL.~oort of site 
specif·c decisions for the wall-fired demonstrat:cn. 

The errphas;s will be shifted to tangentially :ired prctotyoe sys:ems and to Jse of 
improved sorberts, which are identified in generic R&D, for all systems. Tangertial 
prototype work will be initiated in a large-scale experimental fac1:ity wi:h a 
fiv-ing system prccucing a vortex flow f~eld typical of that boiler class. 1'1 
ac:d1tion, a cooperative testing K.&0 program will be conducted on a srra'.~ boiler (20-
4C ~·'.i..;) to evaluate sulfur cap:,Jre potential, operability, and reliability over srort 
periods ~ith f~el ard sorbent flexibility. The p~ototype work wil: concentrate on 
evaluation of ootimurr scrbents and inject'on methods to maxiwize S02 capture. 

Wall-fired Oenonstration 

The ::on:ract for the wall-fired demonstra:ion was awarded ir September 1984 to 
Babcock & Wilcox Company. LIMB will ne installed on a 105 MW single-wall-fired unit 
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at the Edgewater station of Ohio Edison Company. ~he final site specific design for 
the installation w~ 1: be ccrwleted in February i986. Long term testjng over a l year 
period wil" begin in Ju~y 1987, ard ayeport document;ng the performance eva1uatiqn 
will be co~p1eEed late ~r 1988. The 7und1ng to complete the effort is provided in 
the FY85 bJdget, and no outyear cont1rgency funds are identified. 

Techrology Generalization 

F or u ~ t i r:i ate vi i de s p re ad u s e of :. he LIM B t e c h no ~ o gy , t he R & D re s u l t s m J s t b e 
integrated with t1e ful:-scale boiler demonstration results to provide guidance for 
com~erc·alization by the priva:e sector. The program includes: 1) process analysis 
to evaluate applicability ar.d econornics for specific sys tens; and 2) t)rocess 
modelling to provide a ~ethcdology useful for s;te specific designs. The ~rocess 
a~alysis emphasizes LI~B system options for application to different boiler classes 
i~ the population and for minimizing the cost per unit SOz removal. The process 
model ling will provide ccmponent models for thermal history, sorbent activaticn and 
reaction, injection, ard mixing. 

SJMM.CiRY 

The ~IMB R&D program has provided a detailed understanding of the key processes 
governing sulfur capture with sorbents. While it appears that li11estone alone will 
no: achieve program goals, several other promising scrbents have been identified. 
Based on the R&D results and cost estimates of the use of these sorbents, LI~B shows 
SJ~stantial pro~ise as a SOx and NOx control techno;ogy for retrofit app 1 ications. 
7 ~e ongoing R&D program should resolve the rerra'ning technical questions and provide 
a basis "'or wide-spread private sector commercialization. 

This paper provides a brief history of sorbent injection technology, synopsizes the 
statJs of LI~B R&D, and discusses futur~ program plans . 
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ABSTRACT 

OVERV IEH OF CANADIAN RESEARCH, OEVELOPr1rnT 
AND OE110NSTRATION PROGRAM FOR LO\~ NOx/S02 

CONTROL TECHNOLOGIES 

W.A. Warfe, and G.K. lee 
Energy, Mines & Resources ::anada 

580 Booth Street 
Ottawa, Ontario K 1 A OE4 

One of the r.iajor concerns, associated with the expanded use of coal for 
heat and electricity, is the enission to atr.iosphere of the acid rain 
precursors, NOx and S02. 

This paper outlines the technologies, the status of research, 
developr.ient and denonstration activities and future plans for LOH 
NOx/S02 control technologies in Canada. It includes federal 
governr.ient activities as l'.ie11 as those of the Canadian Electrical 
Association. 

ItHROOUCTION 

In Canada we receive sor:ie criticiSi:l tnat because we have no flue gas 
scrubbers on our utility industry \le are doing little or nothing about 
acid rain as one of the r.iajor concerns associated with the expanded use 
of coal for heat and electricity. I therefore welcone this opportunity 
to present to you our Canadian strategy and prograr.i for control of the 
acid rain precursors, NOx and S02 e~issions to the atr:losphere. In 
1982, tJortn Ar.ierican utility boilers er.iitted over 6.8 r:iillion tonnes of 
NOx and 15.8 r.iillion tonnes of S02 rrith Canadian utility sources 
accounting for about 3.5% of the NOx and 5.3% of the S02 er.iissions. 
Of the total S02 e8issions in Canada 60% is s~elter originated and 15% 
fror.1 utility sources. 

STRATEGY 

Our strategy for utilities is based on the concept of cost effective 
control of acid gas emi ssi ans fror.i fossi 1-fuel-fi red therr.ial generation 
\·rith the realization that direct involver.tent by the utility industry is 
essential for the success of our prograr.t. 

Energy, Mines and Resources Canada embarked on two paths: one to develop 
control technologies for existing sources and the other for new sources. 
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Control technologies for existing sources includes coal beneficiation, 
coalh1ater r:iixtures, absorbent injection in low tJOx designed burners 
and advanced slagging cor.ibustors. ~.Jew source technologies centre on 
fluidized bed cor.ibustion with a preference for circulating fluid bed in 
the utility application. 

FU~WING 

The federal source of funding for developr.ient and der.ionstration of these 
new technologies is r.iainly fror.i the Coal Utilization Prograr.i, 
adr.ii ni stered by the Coal Di vision of Energy, t1i nes & Resources (EMR). 
It Has created in October 1980 to provide $150 r:iillion until March 31, 
1986 and directed r:iainly to getting lfaritir.ie utilities off oil. Other 
sources of funds cor.ie fror.i base annual reserves such as Canada Centre 
for Mineral and Energy Technology {CANMET) and the Office of Energy 
Research and Developr.ient (OERD). CANt1ET through its Energy Research 
Laboratories such as the Cor.ibustion and Carbonization Research 
Laboratory (CCRL) provide the Coal Division ~rith technical support in 
their various projects. 

Approxi~ately one-third of the Canadian Electrical Association (CEA) 
research funds is provided by EMR who have representation on the various 
research connittees. 

PP.OGRAM 

The federal progran to reduce ~Ox and S02 is as follows: 

Project 

t·lari tir.1e Coal 
Benefi ci ati on 

Coa 1 ~1a ter 
f.1i xtures 

Lm1 NOx/S02 
Burner Denonstration 
at CFB Gagetown 

International Energy 
Agency - Agreer.1ent 
in NOx and SOz 

Objective 

To assess and develop the 
beneficiation potential of 
both Ne\'/ Brunswick and 
Nova Scotia coals. 

To develop a liquid coal 
fuel that wi 11 replace 
oil as a fuel in utility 
boilers. 

To denonstrate low NOx/ 
S02 burner technology 
at an industrial scale. 

Canada, Oennark and Sweden 
agreed to validate various 
non-US coals for NOx and 
S02 e~issions utilizing 
the advanced low NOx 
burner concept. 
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Federal 
Funding 

$2 . l ni 11 ion 
over 3 years. 

Currently $7 .2 
r.ii 11 ion with 
another $8 .0 
r.iillion 
budgeted for 
the next 2 
years. 

$1.5 r.lillion 

$0.3 r.iillion 



TransAlta Utilities 
Lo~1 tl0x/S02 
Pi lot Scale 
Developr.ient 

Atnospheric Bubbling 
Fluidized Bed Tech
nology Der:ionstration 
Canadian Forces Base 
Sur.nerside and 
r.iaterials testing 
at Point Tupper 
Pilot plant. 

Coal/Oil Shale 
Ci rcul ati ng 
Fluidized Bed 
Technology 
Den on strati on, 
Cha than, 
Ne\~ Brunswick. 

Er1R/CANMET 
Fluidized-Bed 
Research and 
Developr.ient. 

STATUS OF PR(}JECTS 

To evaluate the Rockwell 
process and its applica
bility to Hes tern and 
Eastern Canadian coals. 

To der.ionstrate atr.lospheric 
bubbling fluidized bed 
technology at the 
industrial scale. 

To der.io~strate the 
circulating fluidized 
bed technology at 22 MWe 
utilizing high sulphur 
coal and on Shale as 
sorbent. 

To evaluate NOx and S02 
suppression in bubbling 
and circulating fluidized
bed with Canadian coa 1 s and 
sorbents. 

Total Federal Funding: 

$0.3 r.iillion 

Su!71r:iersi de -
$18.0 million 
Point Tupper -
$8 .O mi 11 ion 

$36 .0 r:ii 11 ion 

$2.0 r.iillion 

$83 .4 r.iil 1 ion 

::oal beneficiation, coal/water r:iixtures and the Point Tupper r.iaterials 
testing project being peri phera1 to the ther.ie of this synposi u1.1 wi 11 not 
be reported in this paper. 

Canadian Forces Base Gagetown Demonstration 

As part of an on-going effort to expand the use of high-sulphur Maritine 
coal for heat and electricity with r.1inirnal environr.iental inpact, CANMET 
has initiated a project to der.ionstrate limestone injection, r.iulti-stage 
burner technology (LIMB) for substantially reducing acid gas enissions 
from pulverized-coal-fired boilers. The project, which is being carried 
out ~th the active participation of the Deparb~ent of National Defence 
and the analytical support of Environnent Canada, involves the 
retrofitting of an existing 20 MW hot water generator at CFB Gagetoh'n 
with two "staged-r.iixing" burners. These are designed to inhibit the 
fornation of nitrogen oxides by flar.te nodification and to suppress the 
enissions of sulphur oxides by limestone injection with no reduction in 
boiler efficiency. 

Each burner is rated at 10 ~Olth and is designed to achieve a 50% 
reduction in NOx and S02 er.1issions while burning a 3% sulphur 
eastern Canadian coal. The installation of equipment on Unit No.2 at 
CFB Gagetown was conpl eted in Apri 1 1984 and burner shakedown trials 
under the supervision of the contractor (Volcano Inc.') are in progress. 
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Final acceptance tests are scheduled for Deceober 1984 when weather 
conditions will perr.iit full load operation of the hot water generator. 

The Gageto\m project, \Jhich is the first full-scale denonstration of 
this new burner concept to North Ar.1erica will provide potential users as 
\Jell as research and regulatory agencies with advance information on the 
operational benefits of this new technology. 

TransAlta Utilities Low N0~2 Pilot-Scale Oevelopr.ient Prograr.i 

The progra171 1.,ias initiated on Decer.lber 16, 1982 vklen RockHell and the 
first of several utilities signed Participation Agreenents. Current 
participants are Houston Lighting and Power Conpany, Niagara riohawk 
?m·ter Corporation, Southern California Edison Cor.1pany, TransAlta 
Utilities and Wisconsin Public Service Corporation. The Canadian 
Electrical Association participates through TransAlta. 

The prograr1, developed by Rockwell International, utilizes advanced 
coinbusti on concepts for both retrofit and new i nsta 11 ati ans in an 
attenpt to reduce S02 enissions by up to 70% and to suppress NOx 
enissions to less than 100 ppr.1. 

Pilot plant testing at both the 4.7 M'11 and 7.3 11\~ scale have confirr.ied 
the design concept for the Rockwell burner and further work to verify 
specific technology features is i_n progress. Prelir.iinary design work 
for the cor.ir.iercial scale 30 MWth demonstration burner has been initiated. 

The der.ionstration prograr.i will be a three year, two-phased program \Jhich 
is planned for Jnit No. l (66 rllie) at TransAlta Utilities 
Corporation's Wabarnun Generating Plant. 

In the first phase, the 30 rnnh burner conpl ete ~ti th slag separator wi 11 
be designed, fabricated, installed and tested over a 6 aonth period. 
THO additional burners will be subsequently installed, rlithout slag 
separators, and intensive testing of the cor.iposi te Rocb'lell Lavi 
t;Ox/S02 conbustion syster.i Hill follow for a period of about one year. 

A phased approach is used to permit the der.ionstration testing and 
shakedo~m so that any required raodifications can be incorporated into 
the second and third units. Total cost of the project is approxinately 
$10 million Canadian. 

International Energy Agency (IEA) Project for Control 
of Nitrogen Oxides Er.iission During Coal Combustion 

CANMET, on behalf of Canada, participates in a r:lajor project sponsored 
by the International Energy Agency. The project, co-funded by Canada, 
Denr.iark and Sweden with US EPA guidance and support, involves the 
validation and optir.iization of advanced burner concepts under a 
three-stage agreer.ient. The \·1ork is being perfomed by the Energy and 
Environmental Research Corporation at Santa Ana, California. 

Stage I, completed in March 1982, consisted of bench-scale furnace 
trials on 45 coals including 9 fron Canada, to elucidate the ~echanis~s 
of NOx fon~ation from fuel nitrogen under pre-r.iixed and staged 
co1:1bustion conditions. It \'1as determined that r.iuch of the fuel nitrogen 

4-4 



in the volatile r.latter can be transfomed to N2 instead of ~m. The 
conversion of fuel nitrogen to NO was 30% to 40% in conventional flar.1es 
but only 7% to 14% in staged flar.ies. Nitrogen retained in the char 
showed about 20% conversion to NO and appeared to be relatively 
independent of local oxygen concentration. Reductions in sulphur 
er:1issions of 503 by sorbent injection into tertiary cor:ibustion air were 
achievable with Ca/S ratios of 2/1. 

Stage II, now in progress, consists of cor.lbustion trials in three 
progressively larger furnaces (50, 90 and 100 x 106 Stu's) to generate 
data for extrapola~on to full-scale burner designs. Four coals, two 
fror.i Canada, are being evaluated for NOx production and two of the 
four coals, including one fror.1 Canada, have been evaluated for 
sir.1ultaneous reductions of S02 and NOx using liraestone sorbents. 

You 1·1ill be hearing about this work later on fror.i Energy and 
Environr.iental Research Corporation, so I vrill not go into further 
details. 

Chathar.1 Coal/Oil Shale Der.lonstration 

7he New Brunswick Electric Power Con~ission has dedicated its Chathan 
generating station consisting of one 12 MWe B&W boiler and one 
22 ffiJ~ CE boiler to research in advanced burner concepts and 
circulating fluidized bed technologies until March 1988 under an 
agreenent with the Coal Di vision of Energy, Mines and Resources. 

A pilQt-scale cor.lbustion rig with a staged conbustion burner 
(1xl0° Btu/hr.) nodelled on the IEA work done through EPA at Energy 
and Environnental Research, California is being erected at the Chatham 
station to study the potential of achieving acceptable acid gas 
emissions by co-firing coal with local oil shale. A conparison will be 
done with firing coal and lir.iestone. A successful der.ionstration with 
oil shale as a sorbent could lead to further de~onstration on the 
12 MWe boi 1 er at Chathar.i or the 20 Mllth boil er at CFB Gagetown. 

A 22 Mlle ci rcul ati ng fl ui di zed boi 1 er to be r.ianufactured by CE 
Canada-Lurgi will be installed at Chathar.i to tie into the existing 
turbine. It is expected to be connissioned in the fall of 1986. 
Initially it will fire high sulphur (8%) New Brunswick coal and 
lir.iestone to establish a baseline for conparison ~nth the sane coal and 
oil shale. The oil shale has approxir.iately 2100 BTU's/lb. and an ash 
analysis of Cao 14.9% and MgO 5.5% present in the original r.lineral 
natter as a carbonate. 

Canadian Forces Base Sur.r.terside AFB Der.1onstration 

EMR in collaboration with Defense Canada is denonstrating atnospheric 
bubbling fluidized bed conbustion at CFB Sur.u:ierside, PEI, heating 
plant. Construction of the equipment, which consists of t\IO 
Foster-Wheeler boilers rated at 18 tph of stear.1 each, together with all 
ancilliaries, was conpleted in 1982. In the following 1-1/2 heating 
season commissioning trials have been underway, so~e nodifications have 
been r.1ade, and the boi 1 ers have each accunul ated well over l ,000 hours 
of operating tine. 
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The boilers have been tested with three different Cape Breton coals 
ranging fror.i 4 to 6% sulphur, and have r.iet guarantees of capacity, 
e ffi ci ency and er.ii ssi on control with al 1 of ther.1. 

Further der.ionstration tests during the 1984/85 and 1985/86 heating 
seasons will include co-firing of wood chips and coal, and evaluation of 
load response characteristics. It is also hoped to evaluate the effects 
of li~estone size consist on sulphur capture, and to conduct cor.ibustion 
tests with a high ash fuel, possibly coal washery rejects. 'Jnder tile 
contract the \·1as tes are being characterized and specific uses in PE I are 
oeing identified. 

CANADIAN ELECTRICAL ASSOCIATION (CEA) SUPPORTED ACTIVITIES 

Ontario Hydro, a 1:iaj or uti 1 i ty in North AI:leri ca, has for sever a 1 years 
been exar.iining uethods to reduce NOx er.iission levels fron its 
Nanticoke Generating Station. This generating station cor.iprises 8x500 
Mlle natural circulating boilers of Babcock and l/ilcox r:ianufacture, 
each with 40 opposed wal 1 firing conventional circular coal burners. 

in 1980, with the financial assistance of the Canadian Electrical 
Association Ontario Hydro er.iployed the services of B&W (Canada) to 
undertake detailed design, manufacture, and installation of 
~odifications to eight burners (one row). Subsequent testing proved 
that these r:iodi fi ed burners perfor:-;ied sa tis f actori ly and reduced ~JO x 
er.iissions by 20% below the unr.iodified burner er:iissions. 

Based on this noderate success, Ontario Hydro in 1983 converted all of 
nu~ber 5 and 6 units at Nanticoke. This resulted in a high carbon 
carryover in the ash. As a result of the high carbon, Ontario Hydro had 
8&\.J do sor.ie 1;1odelling at their Alliance laboratories looking at possibly 
40% r~O.x reduction \vi th 1 ess than 6% carbon carryover. t1odi fi ed burner 
changes based on the r:iodelling is planned for October 1984. 

Ontario Hydro is also considering converting sor.ie burners on their 
corner-fired units at Lakeview to the C-E Low NOx Concentric Firing 
Syster.1 and experi1aenting with finely powdered lir:iestone injection. 

TransAlta Utilities, Calgary, Alberta as a r.ier.iber of the consortiun 
interested in developing the Rockwell burner received the support of the 
Canadian Electrical Association Generation R&D Cor.lf.littee. To enable 
ther.i to have a r.iore prorainent position in the developr.ient process, the 
Alberta/Canada Energy Resources Research Fund is supporting, pending 
successful pilot scale trials at Rockwell 1s California facility, the 
deraonstration of a 30 r1Wth burner at TransAlta's llabar.iun generating 
station. 

The CEA Generation R&D Connittee also supported the installation of the 
Cor.ibustion Engineering Low Nox Concentric Firing System at 
Saskatchewan Power Corpora ti on 1s Boundary Dar:i Generating Sta ti on 300 MW 
lignite fired Unit #6. Dave Winship, CE Canada, will be giving a report 
on the results later on in the synposiur:i. 
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CONCLUSIONS 

So you see, Canada is not only concerned about acid gas er.iissions, but 
is doing something about it. Canadian utility's contribution of S02 
to acid rain is only 5.3% of the total for North Araerican utilities, but 
our efforts to control this environr.1ental probler.i is a r.iajor priority. 
Our RD&D activities address both short-terr.i regional concerns as well as 
the 1 anger terr.i issues associated ~-ri th the expanded use of coal. 
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This paper SJ:'1f:larizes current understanding a:1d provHes conparative des::riptions of 
two promising techniques for d~y so2 control in utility applications: flue gas 
soaium sorbent injection, and in-furnace calcium so~~ent injection. In coth cases, 
jry sorbents are injected in powdered form and react chemical1y ~ith SOz to farm a 
dry particJlate ~aste wnich potentially can be collected in eitner a baghoJse or 
e~ectrostatic precipitator (ESP). Two electric utilities, Public Service Co. of 
Colorado and t1e Colo~ado Springs Jept. of ?ublic Utilities, have announced fir~ 
p:ans to ern~;oy flue gas sodium sorbent technolo3y. In-furnace calci~m soroent 
injection is still under active development a1d no long term utility commitment to 
this tecnnology hds yet been :nade in the United States. :30th control tech1iq:.1es 
shuw potential as reliable, efficient, and economic so2 con~rol options, giving 
Jtilities greater fl2xibility in ~eeting their environmental contrJl 
resp::ins i ui 1 it i es. 

lNT~ODUCION 

Tnis ~a~er su~marizes current understanding and provides comparative descriptiJns of 
two prJmising tec~niques for dry S02 control in utility applications: flue gas 
sod~J~ sorbent i~jection, and in-furnace calcium sorbent injection. In both cases, 
dry sorJents are injected in powdered for~ and react chemically with SOz to form a 
dry particulate waste. Witn sodium soroent injection, the waste sodiJm ~aterial is 
collected along with particJlate fly ash in a fabric filter dust collector 
lbaghoJse). ~ith calciu~ sorbent injection, the calciu~ waste ~aterial is collected 
i" either a baghoJse or electrostatic precipitator lESP). Figure 1 is a sche~atic 
of a coal-fired power plant snowing, for both types of sorbents, their injection, 
S02 capture, and solid ~aste removal sites. This paper disc~sses the advantages and 
aisadvantages of these two contro1 technologies and tne implications and prospects 
for utility application. 

Sulfur-dioxide emission control is presently required for all new coal-fired power 
plants. The EPA New Source Performance Standdrds stipulate 703 S02 re~oval for 
plants burning low-suifur coal, and 90% removal for those burning hign-sulfur coal. 
:n ooth cases, emissions may not exceed 1.2 lD per million 3tu 1Jf hea': inp1.1t to the 
'::>oiler. 

Conventional wet scrubbing is an effective option in ~eeting these standards. 
However, wet scrubbers are cost1y -- accounting for as much as 25% of the capital 
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a1a operating cos:s of a ne·,.,, 1800 MW plant -- and are often prob1ematic to operate, 
requi~ing co~plex hard~are and the use 3f substantial qua1tities of .-1ater. Costly 
liyuid was:e treatment systems are required and result in addi~ional complexities 
and e:ic.pense. 

Spray drJing, the second generation i~ 502 control technology, :nay be a 1ower 
capital cost alternative to wet scrubbing. ~hile this technology has 2liminated the 
need for liquid waste treatment systems, it is still necessary to prepare a ·.-1et 
slurry fJr injection. 

Jry sorbent injection contro1 techniques simplify tne sulfur dioxide re~oval ~recess 
by eli;ninatin9 the wet slurry, liquid waste treatment sys~e:n, and extensive 
additional hard~are, thus resulting in lo~er comparative capital costs. Also, tnese 
sys te11s use equi prnent a 1 ready f ami 1 i ar to po:,.ier pl ant operators. Operating costs 
can be significant, depending lar9ely on reagent cost, out overall system cost in 
virtually any imaginable scenario ~ill be considerably less than that for wet 
scrubbers. Tnis is tne case because witi dry control techniqJes sorbent cost and 
utilization efficiency have the greatest impact on total system costs -- not system 
narjware, as witn wet scrubbers and spray dryers. Furtner, dry sorbent reagent 
costs are expected to decrease as suppliers expand their efforts to ~ake ~ew, inore 
efficient products available at lower prices. Other advantages of dry sorbent 
injection syste~s inc~ude: 

• System simplicity contributes to improved reliability. 
• Power costs are lower. 
• Scaling and corrosi:Jn are ~ini~al. 
• ~lue gas reheatinJ is not ~ecessary. 
• Syste:ns can be_ retrofitteo t:J boilers with bagho·Jses and ESPs. 
• There is conbined partic~1ate and SOz collec:ion. 

Public Service Co. of Colorado tPSCC) has recently committed to all-dry flJe gas 
sodiJrn sorben: hje:::tion on a :1ew 500 MW coal-fired boiler, Pawnee Unit 2. Although 
no fi~~ date ~as ~een annoJnced for construction of Pawnee 2, for engineering and 
planning purposes it is schedJled to ~egin service 11 19YO bJrning western, ~ow
sulf Jr subbiturninous coal. PSCC's confidence in flJe gas sodium soroent injection 
sterns from extensive testing, both benc~-scale and in the field, most specifically 
in two years of testing at PSCC's 22 MW Cameo Station Unit l. ?SCC and tne Colorado 
Springs Dept. of Pu~lic Utilities are currently the only electric utilities to 
announce firm plans to employ flue gas sodiJm sorbent injection. 

In-furnace calcium sorbent injection is still under active development and no 1ong 
ter:t1 utility commit1neflt to this technology has yet occurred in the United States. 
Laboratory test results and recent large-scale exploratory tests indicate the high 
potential of this process as a low-cost option for S02 control. Conti1Jed 
development and large-scale demonstrations planned over the next few years are 
expected t:J confirm the so2 removal potential and resolve remaining cost and plant 
impact issues. 

Figures 2 and 3 illustrate the variety of options available to utilities in the 
selection of particulate and so2 control technologies, and reflect the com?lexity of 
t1e decision-making process in this area. 
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FLUE GAS SOD:JM SOR~cNT INJECTION 

Tl1e three sodiu~ sorbents which have received most Jtility and sup?lier attention to 
date are nahcolite lnaturally occurring sodium bicarbonate, ~aHC03), trona 
{naturally occurring NaHC03 • NazC03 · 2 HzO), and sodiJm sesquicarbona~e (a trona 
analogJe, ~aHC03 · NazC03 · 2 ~20). 

I~ the dr1-injection process, the sodiJ~ sorbent is pulverized and fed into t~e flJe 
gas strea:n (no:ninally at a temperature '.)f 3000F) ahead of a baghouse and downstream 
of t:1e air lieater. In the duct1Jork, the sadi.Jm bicarbonate in ti1e sorbent particles 
decornj)oses to sodium carbonate (NazC:03) in a "popcorn" fashion, forming an ope11, 
porous ;-:iicrostruct!Jre exi)osing more particle sJrface area. As sho,.,.n in Figure 4, 
tne soroent reacts with the SJ? in tne flue gas, fo~ming sodium sulfate, and 
subSeQuently is collected alon§ with the &ly ash as part of the dustcake in the 
baghoJse. Contacting of sorbent and SO? on the dustcake results in further S02 
"'enova 1. Typi ca 1 ly, 20-30% of the SOz co 1l ec ti on occJrs i .1 the due twork. and t!1e 
reTiaining 70-8)% in the bayhouse. 

Historical Perspective and Process Development 

It nas been known for some time that sodium reagents chemically react witn S02 to 
form sodiuTI sJlfate and sodium sulfite. Until recently, however, this reaction was 
not s2riously considered for S02 control in coal-firej power pla'1ts because it was 
bought ti1er"e was no practical way to bring tile t..io ci1e1nicals i11to contact long 
enough to react, and then to collect the by-products. Ho·1Jever, the e:nergence of the 
baghouse in the utility industry resolved ti1is issue jy providing both efficient 
pa~ticulate collection and allowing ior an extended period of SOz-sorbent contact. 

I~entif1caticn of an appropriate sodium-based reagent 1as also been an issue in 
develo~1ent of this technology. Initial reagent testing was conaJcted ~ith 
nai1colite, the ;Jreferred alternative because of its high sodiu11 bicarbonate content 
ano nig11er- S02 collection efficiencies -- in excess 0f 7;)% re:noval. Over 30 bi1lion 
tJns of nahcoTite have been identifiej in t~e western Llni:~d States. However, the 
resource is locked in oil snale for~ations, and the recent slackening Jf interest in 
oil shale has ~ade its fJture availaoility Jncertain. While long-range prospects 
for mining nahcolite are unclear, efforts are Jnder way to ~roduce nahcolite through 
sol1tion nining techniques. 

In c:.rn~"'ast, trona is co;nmercially available in large qJantities, and recent tests 
have shown that it too can achieve 70~ so2 removal. In excess of 85 billion tons of 
trona are estimated to exist in the western United States, and the material is now 
being mined as a source of soda ash lNa2C03J for g1ass-ma~ing by a number of 
cornpanies. Trana availability for SOz collection has ~een enhanced oy the recent 
downturn in its demand oy glass ~anufacturers due to the decline in new jJildin3 
construction and the use of less expensive g~assware substitutes. In addition, 
trona sup;>l i ers are now undertaking research and devel o;:i;nent programs of tnei r own 
to i 1npr0ve the mineral's SOz collection characteristics for utility application. 
These investigations are focJsing on bot~ sodiu:n sesquicaroonate and other 
pro~rietary compounds. 

The first utility testing of flue gas sodiu~ sorbent injection used nahculite as the 
reagent and was conducted in the mid-lY60s by Southern California Edison Co. at its 
Ala~itos station on an oil-fired ~oiler equi~ped with a baghoJse. AltnoJgh so2 
removal was not quantified, results were said to be encoJragingl!,~). SubseqJent 
tests in tne late lYbOs and early 197Us Jy ~heelabrator-Frye in ~onju~ction witn the 
Public Service Co. of Indiana and, separately, with Colorado-Ute Electric 
Association, by t:1e Air ?reheater Co. with Public Service Electric and 3as Co. of 
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New ~usey (unde'r contract witn the National Air Pol~:.J':.ion Contr:il Administratio,n), 
and by Superior Oil Co., with PSCC at its Chero~ee Station, showed that a variety of 
sooiun based reagents -- including nahcolite, sodium carJonate, and commercial and 
predeco;1posed $Odiu~ oicarjonate -- could achieve 58? removal rates in the range of 
70-90%(!•!'!,!J. It is importa~t to note, howeve~, ~hat sodi:.Jm caroonate, or soda 
ash, has ~roven to be largely i~effective as an SOz adsorbent. 

In t1e late 1~70s, the Electric Power Research Institute (EPRI) sponsored a bench
scale experimental inv~stigation of sodium SQrbent_inject~on s~ecifically to 
qJantify S02 removal w1th low-sulfur coalsl~J. This test1ng, conducted by <VB, 
Inc., demonstrated for the first time that trona could acnieve so 2 reinoval 
efficiencies comparable to -- alt~ough not as high as -- nahcolite. Addi~ionally, 
tnese tests showed the effectiveness of tne sodium co~pounds to be greatly depende1t 
on the qJantity 3f sor~ent injected relative to SO/ concentration in the flue gas, a 
~easure quantified in terms of 1orma1ized staichio~etric ratio (NSR).* For example, 
to ac:iie'Je 70"/o SO;; re:noval using nahcolite, a NSR of l.l ""as required. -:-o achieve 
the sa~e level of-collection wit~ trona, a NSR of 3.0 was requirad. Te~perature was 
also found to affect removal efficiency. lnjec~ing nahcolite in a higher 
ter.perature zone (approx. 500°F) \vill i'1crease SCJ2 removal efficiency a sr:iall 
percentage, whereas with trona, the higher temperature injection decreased S02 
renaval efficiency. 

In 1~8!, EPRI, PSCC, Stearns-Catalytic, and MJ1ti-~ineral :orp. jointly embarked on 
a fie~d evaluation of flue gas sodiJm sorJen~ injection at the Cillneo Station(~J. As 
s1o~n in Figure 5, five sodiJ:n com?ounds ~ere analyzej wit1 resJlts s~owing 7U~ so2 
r2moval for nahcolite and trona at NSRs of 0.7J and 1.3, respectively. 

Econo:nics 

The over"all simplicity of t'ne dr"y sodi:J:n injecti•rn syste11 resJl't.s in capital costs 
significantly lower than those of co1ventional wet scrJbber systems. ?re~iminary 
economic analyses ~ave indicated a capital cost advantage of 
5100-l.SJ/kl'l compared with co!"lventional wet scrubbing for new or retrofit boilers, 
de~enaing on site-s~ecific factors. 

To furtner assess t~e econo~ics of flue gas sodi~~ sor)ent injection, EPRI recently 
s;:ionsored a study conducted by Stearns-Catalyticl~). This work compared the costs 
of commercially sized nahcolite and trona all-dry injection systems with commer
cially avai1able spray dryer systems. The ana;ysis was performed for a new, 
hypJthetical power plant located in ~enosha, ~isconsin, consisting of t~o 500 M~ 
units burning a western, low-sulfur (0.5%) coal, and assumed a 30-year plant life. 
Capital costs of trona and nahcolite dry-injection systems were aJout S25/kW, 
co~pared to 5115/k~ for spray drying. an a levelized cost basis, trona injection 
was least expensive, followed Jy nahcolite injection and spray drying. These 
results ~ere found to be highly sensitive to the delivered price of the sorbent, 
sulfur con~ent of the coal, and SOz removal requirement. Cost for waste disposal 
and the size of the generating plant were found to oe important, but less 
significant. Since this economic analysis was for a hypothetical ~ewer plant site. 
it does not ta~e into account site-specific considerations. Consequently, any 
electric Jtility considering the technology is encouraged to conduct an analysis of 
its own For each plant site. 

*NS~ is defined as: 1/2 moles of Na 
moles of S 

which gives a value of l.O when two moles of ~a react with one mole of S to produce 
one mole of NazS04 product. 
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PSCC has performed an economic analysis for ?awnee Unit 2, com?aring costs for spray 
dryer and dry injection systems. ~ne study assumed startup of Pawnee in ~~90, a 30-
year plant life, and the consumption of 7U,OOU tons/year of sorbent. Costs incluced 
the particulate control system for both spray dryer and dry-injection systems, as 
well as costs for the ba~ance-of-?lant systems required with either sa 2 removal 
tecnnology and were found to be unquestiona~ly size-, site-, and s~heaule
specific\1,. Costs we~e calculated assuming the use of trona as tne dry sorbent; 
costs for nahcolite would be expected to be less due to a lower reagent reqJirement. 
The total capital investment for t~e dry-sorbent system was ~57 million, 
substantially less than the 5120 million esti:nated capital investment for the spray 
dryer system at t~is site. Tne dry-sorbent system is expected to have higher annual 
O&M costs, however, ·nain1y due to the larger quantities of reagent needed to 
acconplish the same 502 reir1oval. In spite of this projected hi13her cost for 
reage1t, tne dry injection system has an $8 million lower annual evaluated cost, 
whic~ includes the annualized capital cost plus t1e annualized O&M cost. 

Issues In Utility Applicati::>n 

Although flue gas injection of trona has proven to De the econo~ic choice for so2 
control at ?awnee, a number of issues are appropriate for more detai~ed discussion 
and ana1ysis by other utilities considering the technology. 

Waste Disposal. Sodium salts produced by the reaction of so2 with sodium-based dry 
sorbents are very solJble in water. AlthoJgh the weight fraction of sodium in t~e 
waste product -- which also includes fly ash -- is less than 10%, precautions ~ust 
t>e ~ai<en to av::>id leachi1g of sodium into ground or sJrface waters. Clay-lined 
holding ponds preclude leaching and can be utilized to address this cancer~. 
Alternatively, a techn~q~e to fix sodiu~ ions in the residue, rendering it 
insJluble, is currently under development. SJch a process co~ld pote1tially permit 
cisposal of fly ash, spent sorbent, and botto~ ash toget~er in a conventional 
landfill. In a plant originally constru:ted with an ESP, a baghouse and dry 
injec:ion system cou1d be added for S02 control. Under this approach, t~e ES? 
collects the major portion of the fly ash while the bagnouse collects all of the 
s~ent sorbent and the remainder of the fly ash. The spent sodiJm/fly ash ~ixture is 
then disposed of separately fro~ the fly ash, tnus allowing fly asn to be ~tilized 
as a concrete additive and return of the spent sodiu~ to its origin. 

~se ~ith High-Sulfur Coal. To date, dry sorbent injection nas been de~onstrated 
only on coals with sulfur contents below 0.8%. However, recent work by sor~ent 
SJp~liers indicates that the upper limit may reach as hign as 2-3~. Even if 
sufficiently high SOz collection efficiencies could be obtained on nigh-su~fur coals 
-- standards as high as 90% may ~e required -- this ~ould necessitate the use of 
very large amounts of sodium reagent and potentially increase reagent costs to the 
point where the process woJld no longer be economic. 

Use With ESPs. Most research to date has been conducted using baghouses for 
partic~late collection. Preheating sorbe~ts prior to injection in system ductwork 
is a concept now being explored to facilitate the use of this techn~~ue with ES?s. 
The o?jec~ive. is to increase reactivity of the sorbent such that SOz collection 
eff1c1e~c1es in the ductwor~ alone are acceptable. In-duct 30/ collection of 20-30% 
has a1ready been demonstrated, and 50% appears possi~le. -
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Policy Issues. The question of whet~er flJe gas sodiu~ sorbent injection can and 
w111 qualify as best available control technology (SA.CT) as defined by the EPA is 
anotner potentially important issue in considering the technology. Preliminary 
discJssion with regulatory agencies, co~bined with the obvious simplicity and low 
cost Jf the process, have resulted in favora~le reaction. 

IN-FJRNACE CALCIUM SOR3ENT lNJECTlON 

Wit1 i11-fJrnace sorbent injection, a pJlverized calcium-based material such as 
11~estone (CaC03 ) or calci~n hydroxide (hydrated lime Ca(JH)2) is injected directly 
into the fJrnace cav,ty of a coal-fired bo,ler. As shown in ~igure 6, tne sorbent 
rapidly decomposes (a limestone sorbent, for exa~ple, releas~ng C02; hydrated li~e 
releasing HzOJ, to form a porous microstructJre with greater ex?OSed surface area. 
7ne res·Jlting lime particles are highly reactive and chemically combine in 
suspension with SO? to form solid calcium sulfate l:aso4). This ca1ciu~ SJlfate, 
along ~ith a~y unr~acted lime, is tnen collected with fly ash ln a baghous~ or ESP. 
In essence, this ?recess attempts to ap?ly to pulverized coal-fired ooilers an SOz 
control tech'lique si~i1ar in overall chemistry to that used in fluidized Jed boilers 
-- a~beit under distinctly different temperatJre, residence ti~e. and cornJustion 
c::ind ~ti ons. 

Historica1 Perspective and Process Deve102ment 

Tne concept of furnace sorbent injection originat2d in the early 1~60s. It was felt 
at t~e time that dir2ct injection of li~estone followed, for exa~ple, oy wet 
partiCJlate scrub~ing was the least complicated and most econo~ic procedure for 
meeting anticipated SOz and partic·Jhte removal requirements. However, trial tests 
in laboratory furnaces and full-scale utility boilers in the Unlted States, Europe, 
3nd Ja?an generally failed to demonstrate sufficient SOz r~moval at ?ractical 
sorbent-to-sulfur ratios. so2 removal during tests at utility boilers typically 
ranged from 15-40%, ·...iell below the target vai.Jes of 80-'.:W%. R.emoval efficiency was 
also found to be ~ighly jependent on boiler design and operation, as well as on the 
type of sorbent and injection system used. Potential adverse effects on boiler 
performance, principally increased slagging and fouling of boiler heat transfer 
surfaces and degraded ESP performance, were also noted. 3iven these concerns and 
the lower-than-anticipated SO/ re~ovals, testing was essentially abandoned by :he 
early l~7osC.!.Q}. -

interest in the technology ~as rekindled in the mid-1~7Us with research perfJrmed 
in West Germany. This work arose out of a need to develop practical methods for 
incr.::nental SOz removal in ..Jest German plants burning lignite coal. Tne experiments 
shot1ed better results than any previous tests and triggered a multi-year development 
program in that country, incl~ding testing of bituminous coals. In the United 
States, the EPA annoJncement of the LIMB concept in the late 1~70s was a major 
factor in accelerating interest in this country. 

Another factor now contribJting to tne resurgence of interest in in-fJrnace dry 
sorbent injection is the growing incentive for developi1g low-cost incremental S02 
controls applicable to both existing anj new power plants. The potential also 
e~ists for combining in-fJrnace sorbent injection with other so2 control 
technologies. For instance, use 1n conjunction with coal cleaning or coal blending 
may provide flexibility in achieving S02 emission cornpliance or allow the purct1ase 
of less expensive, higher-sulfur coals for existing units. Also, integration of the 
process with other flue gas treatment systems may provide an overall so2 control 
capaoility adequate to meet higher requirements for ~ew plants. 
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Kecen7.. experi1nental work in the United States and Eur::>pe indicates t:ie t)ossibi1ity 
of achieving high SOz removal efficiencies at practical sorbent injection rates if 
sortJent characteristics and injection co'.lditions are properly controlled. 

rigure 7 shows percentage SO? re:novals for pr::ss:Jre hydrated lime, calcium 
hydroxide, and li~estone at ~arious :a/S molar ratios based on pilot laboratory 
tests jointly sponsored ~Y EPKI and Southern C~npany Services. These tests and 
supporting bench-scale e9erinents, engineering studies, and i:Jfor.nation exchanges 
will s~t the groundwork for utility tests of in-furnace sorbent injection in the 40 
to 100 MA n.nge. 8e:nonstrat ions of tnis sca~e are planned as a necessary 
internediate step in the development process prior to app1ication at full-size 
utility ~oilers. 

Para1:el :~&D programs are under way at EPA, DOE, and several ot'"ler utility, 
industrial. and manufacturing organizations. as we11 as in other countries, 
incl0d~1g Canada, West ~ermany, France, The Net~er1ands, Austria, and Japan. These 
va~ious ?rograms span a wide range of laboratory and field test conditions and 
~nvJlve a variety of sorQents, coals, and injection system designs. Sorbent 
SJppliers are also involved. As a result, ~ithin the next two years a tremendous 
.'nou:it of 1ew i:iformation on process cnemistry, so2 rt:i:ioval perfor:nance, and syste:n 
des~gn will be ~ade avai1aole. 

C:.conornics 

Since this process uses existing furnace cavities and particulate control devices 
for s~ 2 reactions and re~oval, capital costs are expected ~o be ~uch lower than 
those associated wit1 v1et scrubbers. -lowever, t'le deve1oprnental statJs of tne 
technology and uncertainties about final process design and plan~ impact issues 
1nakes it diffic..;l~ to accurdtely estimate costs. Preli;ninary es~irnates range 
between ·approximately 530 anj ~80/k~ for retrofits. Costs for new Jnit applica~ions 
~ay )e at the lower end of this range. 

Operdting costs for these systems depend strongly on sorbent utilization and coal 
s:Jlfur content. Calc~Jm-based ~aterials are readily available at low cost. 
However, current utilization efficiency, which to date has been 20-30% far limestone 
and up to 40% for lime, is less than for sodiJm sorbents, thereoy increasing costs 
for sorbent supply and solid waste nand~ing and disposal. Current efforts to 
improve calcium utilization, if effective, coJld reduce in-furnace injection 
operating cos~s a~preciaoly. 

Issues in Utility Application 

A num)er of iss~es remain to be resolved before in-furnace calciu~ sorbent injection 
can ~e co1sidered a practical control option for f..;11-scale utility applicatio~. 
~ost of these issues are of a technical nature and, althoJgn none appear 
insu:-nountable, the costs involved in solving them are as yet unknown. 

Impact on ESPs. In-furnace calcium sorbent injection can double or triple solids 
1oading to the boiler, depending on coal sulfur content, sorJent type, and Ca/S 
ratio. Greater solids loading, in turn, increases ESP ?article inlet loading, while 
the calcium compounds increase resistivity in the ESP. These factors together can 
degrade ESP performance and can resJlt in nigner particulate emissions, especially 
for narginally performing units. Efforts are now underway by vendors and others to 
quant1fy the i)roblem and verify retrofit upgrading techniques, sucn as chemical and 
tner~al flue gas conditioning. There is no evidence at this ti~e that in-furnace 
sorbent injection adversely affects fabric filter baghouse operation. 

5-7 



Ash Handling and Disposal. In-furnace ca1cium sorbent injection produces solid 
wastes greatly different from conventional ash. Unreacted sorbent, fly ash, and 
reaction by-products have different disposal characteristics and requirements which 
must be better understood. Specifically, the possible need for special handling, 
transport, pretreatment, and disposal of the by-products must be clarified before 
the technology can be widely employed. 

Boiler Slagging and Fouling. Increased solijs loading to the ooiler can change the 
chemical and physical properties of the ash, thereby raising concerns about 
increased slagging and fouling on furnace heat transfer surfaces. Research to date 
indicates that these deposits likely can be managed with conventional sootblowing 
equipment. However, additional sootblowers and/or more frequent use may be 
requiredU .. U. Field test activities planned and currently in progress will provide 
further insight into these issues. 

System Design. While in-furnace calcium sorbent injection appears to be a feasible 
means to control so2 emissions, much work remains to· be done to optimize the 
process. Tnis includes determination of optimum injection system design, the most 
efficient type of sorbent(s), and of a means for enhancing sorbent utilization. 

Recent studies have identified the upper furnace cavity as the best site for calciuT. 
sorbent injectiont.l..l.•..l..Z). lnje:tion in this post-flame area effectively decouples 
t~e process from the comb~stion system, tnereby facilitating retrofit and 
significantly expanding the number of boilers in which the technology could be 
applied. 

With regard to sorbent-SOz captJre efficiency and enhancement, most ~&D to date has 
focJsed on evaluatin:::i commercial do~omitic and high calciu11 1iinestone and lime 
sor~ent materials. The efficiency or reactivity of tnese compounds has been 
evaluated under a variety of test co~ditions and furnace designs. Res~lts suggest 
that the size and Sjrface area of the ca1cined sorbent play a ~ajor role in so2 
ca~ture efficiency. There are also indications that chemical constituents and 
physical micro-structure of the sorbent are important. Some of these factors are 
strongly influenced by the thermal history of the sorbent in the furnace. Future 
war~ will focus on understanding the role of these various factors, how tney are 
influenced by the thermal or chemical environments that the sorbent is exposed to 
and, ultimately, how tnese environments can be cr~ated or manipulated to enhance 
sorbent characteristics for optinum SOz capture. 

Policy Issues. The question of whether in-furnace calcium sorbent injection can a~d 
will qualify for ~ACT status is anJther potentially important issue in considering 
the technology. 

CON CL US ION 

Evolution of so2 control technologies for utilities from the wet scrubber to the 
spray dryer and dry injection processes shows a progressive develo~ment towards · 
simpler, more economic systems. Planned installation of a flue gas sodium injection 
system at PSCC's Pawnee Station will represent a ~ajor step in development of that 
technology. Additionally, demonstrated increased interest on t:ie part of suppliers 
in providing new, improved sodium sorbents to the utility narket is encouraging. As 
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regards i1-fJrnace calcium injection, laboratory res~lts to date are optimistic for 
developrnent of a corr..nercially via'.:>le syste:n, and field demonstrations schedJled to 
be underway in tne next few years will represent a ~ajar milestone towards 
commercialization. 

E~er3ence of these technologies as reliable, efficient, and ecQnornic SO? control 
opti·:rns gives utilities greater flexibilitt in inee:ing th-=ir environmental coritrol 
responsi~llities, and presents a real opportunity for redJcing tne cost of 
electricity to their cust~ners. 
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ABSTRACT 

EPA EXPERIMENTAL STUDIES OF THE MECHANISMS 
OF SULFUR CAPTURE BY LIMESTONE 

R. H. Borgwardt 
U.S. Environmental Protection Agency 
Office of Research and Development 

Industrial Environmental Research Laboratory 
Research Triangle Park, NC 27711 

K. R. Bruce and J. Blake 
Northrop Services, Inc. 

Research Triangle Park, NC 27709 

Reaction kinetfcs of limestone particles were measured under conditions that 
eliminate pore-diffusion and interparticle-diffusion effects. Included in these 
laboratory studies were: the reaction of H2S and sulfur with CaC03, the calcina
tion of CaC03 to Cao, the reaction of CaO with H2S and COS, and the reaction of 
Cao with SOz. The results show that nascent lime fanned immediately after CaC03 
decomposition has a specific surface area of about 80 ~lg. In all cases, the 
reactivity of the CaO increased with the square of the B.E.T. surface area. The 
reactivity is markedly affected by the presence of foreign metal oxides or salts 
on the Cao surface; carbonates and sulfates of the alkali metals are effective 
additives for promoting CaO reactivity under laboratory conditions. 

INTRODUCTION 

The objectives and rationale of the IERL-RTP in-house experimental studies were 
previously outlined at the 1982 Dallas Symposium.llJ Because sulfur capture is 
theoretically feasible in the reducing zone of the limestone-injection multi
stage burner (LIMB) and CaS fonnation is free of limitations on maximum conver
sion, our efforts began with reactions involving H2S, using uncal~ined limestone 
particles. Those results have been reported in detail elsewhere.l2) The second 
phase of work concentrated on the calcination kinetics of small limestone parti
cles (l to 90 ~m) and measurements of B.E.T. surface area produced by "flash cal
cination" i~ the absence of C02. The results of that study are currently in pub
l ication.(3J The third ar~a of investigation was reactions of Cao to fonn CaS 
under reducing conditions.t4) That work, like our subsequent studies involving 
Cao, was focused on the effect of specific surface area as the m~in experimental 
parameter. The reactor design developed for these studies (4, SJ is unique by the 
fact that particles as small as l µm can be examined, thus eliminating pore dif
fusion resistance--only under such circumstances is the surface area effect fully 
revealed. Elimination of diffusion resistances has also made possible, perhaps 
for the first time, unobscured measurements of the effect of gas phase concentra-
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tion on reaction rate. These new experimental methods were also applied to the 
study of the reaction of CaO with S02 under oxidizing conditions which has been 
recently completed,l6) 

Measurements of Cao sintering rate and the effect of reaction promoters on S02 
capture are now in progress. 

SUMMARY OF SIGNIFICANT RESULTS 

Calcination 

Earlier studies of the ~alcination kinetics of limestone particles were limited 
to 90-µm particle size.l7) Our objective was to examine smaller particles more 
appropriate to LIMB and extend the range down to 1 ~m. This was accomplished 
with two different reactor types having very dissimilar heat- and mass-transfer 
characteristics. The data from both systems were correlated over a temperature 
range of 516 to 1000°C by a kinetic model based on the B.E.T. surface area of 
the undecomposed CaC03. The kinetic parameters were the same for the two di
verse types of limestones evaluated: 49 kcal/mol activation energy and a rate 
constant of 2.5 x 10-8 mol/cm2·sec at 670°C~ The rate data were correlatable on 
the basis of reaction kinetics alone over a range of nearly 5 orders of magni
tude. 

Cao Specific Surface Area 

Ishihara (8, 9) reported surface areas averaging 22 m2/g for 11 instantaneous 11 cal
cination of limestone ranging from 3.4- to 49-~m particle size in an unspecified 
atmosphere. Coutant et al. {7), in a contemporaneous study carried out for the 
EPA, found CaO surface areas as high as 53 mZ/g CaO when 50-i:m particles were cal
cined in 0.15 sec at 1230°c; dropping to about 21 m2/g after 1.3 sec. Coutant 1 s 
calcinations were made under non-isothermal conditions in combustion flue gas con
taining 10 percent C02; although the conditions were carefully controlled, the re-
1 iabil ity of the B.E.T. measurements was uncertain due to the impossibility of 
completely avoiding recarbonation of Cao during sample collection. Consequently, 
one objective of our work was to determine Cao surface areas generated in the ab
sence of C02 using nitrogen entrainment. The results showed that the specific 
surface area of cao is 50-60 m2Jg when 10-µm limestone particles were calcined 
isothermally at temperatures up to 1075°C in 0.6 sec, and can reach 90 ~/g when 
calcined at 600°C. Our results also verified that sintering occurs rapidly at 
higher temperatures, reducing the surface area to 25 m2Jg in an isothermal resi
dence time of 0.5 sec at ll50°C. The conclusion reached is that the nascent Cao 
formed immediately after CaC03 decomposition has a grain radius, r9 , of about 
150 A and that these grains coalesce and grow at a rate that increases rapidly 
with temperature. The grain growth caused by this sintering process reduces the 
specific area, s9, because 

s = 
g ----

rg PCaQ 

3 
( 1 ) 

where 0 cao is the absolute density of calcium oxide. 
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Surface Area and Reactivity 

The high specific surface area produced by rapid calcination is important to 
the kinetics of sulfur capture. Much of our effort has been directed toward 
quantitative evaluation of its importance. Early studies of low-surface area 
Cao (with relatively large particles) h~d indicated a possible linear relation 
between surface area and reaction rate l lOJ, suggesting a chemically controlled 
process. The maximum surface area that could be produced by methods then avail
able was less than 10 m2/g. Using the new experimental techniques for produc
ing nascent Cao, we have extended the kinetic measurements to a surface area of 
80 m2/g, using particles small enough to eliminate pore diffusion resistance 
and thus improve our ability to evaluate the surface area effect. 

When pore diffusion resistance is absent, a Cao grain within a lime particle 
will react with a gas at a rate that is most probably controlled either by the 
intrinsic kinetics of the reaction at the surface of the unreacted Cao core or 
by diffusion through the product layer surrounding that core. The conversion 
(X) vs. time (t} responses expected for these respective situations are given 
for spherical grains by: 

( l - X) 113 = kc t 

l - 3 (1 - X) 2/3 + 2 (l - X) = kdt 

(2) 

( 3) 

where kc and kd are constants for a given grain size, temperature, and gas con
centration. 

The conversions that we measured consistently followed the product-layer-diffu
sion response. As illustrated in Figure l, the H2S and COS reactions were ade
quately represented by Eq. {3) to 100 percent conversion. The S02 reaction· also 
followed that response to the region where the pore volume approaches zero due to 
grain expansion (which will occur at X = 0.69 if particle volume is constant). In 
addition to Eqs. (2) and (3), the S02/CaO reactivity data were analyzed for three 
other possible controlling mechanisms: (1) first order homogeneous reaction with
in the grains, (2) n-th order reaction. and (3) product nucleation and growth. In 
no case was the data correlation superior to Eq. (3). 

The derivation of Eq. (3) from Fick's law of diffusion yields the following ex
pected relationship between kd and r9: 

De 
kd a -

r 2 
g 

( 4) 

where De is the diffusivity of the product layer. The time required to reach a 
given conversion should, from Eqs. (l), (3) and (4), decrease with the square of 
the B.E.T. surface area if product layer diffusion controls the reaction. As 
shown in Figure 2, this was found to be the case. Since none of the other four 
possible rate-limiting mechanisms could yield more than linear dependence on s9, 
we conclude that a diffusion process in the product layer detennines the ultimate 
rate of the CaO reaction with each of the sulfur gases examined. 

In addition to the high sensitivity of reaction rate to Cao surface area that is 
observed in the absence of pore diffusion effects, we find that the maximum con
version also increases with surface area, as indicated in Figure 3. This variable 
has indeed proven to be a critical reaction parameter in our studies. 
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Sinterin2 

Our investigation of Cao sintering confinns the strong effect of temperature on 
the rate of grain growth and the resulting loss of surface area. The sintering 
rate of l-µm limestone particles, after calcination under differential condi~ 
tions to yield maximum initial surface area, is shown in Figure 4. The effect 
of temperature on the initial s9 value was weak, if at all, over the temperature 
range that our measurements are considered reliable: 600° to 950°C. In this 
range, the initial surface area was 79 + 6 m2/g, indicating an initial Cao grain 
radius of about 110 A. Once fonned, the grains grow at a rate that increases 
rapidly with temperature as indicated by the surface area measurements of Figure 
4. A continuous flow of N2 was passed through the reactor during these tests. 

The rate of sintering is strongly affected by C02. This is illustrated by the 
data of Figure 5 which shows a series of tests in which C02 was added in varying 
concentrations to the N2 that passed through the Cao during the sintering period. 
(The calcination was initially completed with a pure-N2 sweep.) In all tests the 
temperature and C02 partial pressure were maintained well outside the region 
where recarbonation could occur. We conclude that C02 catalyzes the Cao sinter
ing process. This effect can qvalitatively account for the lower Cao surface 
areas found by Coutant, et al. (7) compared to the 50-60 m2/g that we obtained by 
nitrogen entrainment in the EPA flow reactor. Since Coutant's calcinations were 
made in flue gas containing 10 percent C02, the lower surface areas obtained 
probably resulted primarily from its effect on sintering rather than recarbona
tion during sample collection. 

S02 ~odel 

Our measurements of the Ca0/S02 reaction kinetics were correlated (6 ) by the fol
lowing relationship: 

kd = 1 .993 s 2 (p50 )0· 62 exp (-36500/RT) 
g 2 

(5) 

over a range of S from 2 to 63 rn2/g, so2 partial pressures (Pso ) from 0.00012 
to 0.01 atm, and ~emperatures (T} ranging from 1033 to 1148 K. 2A comparison of 
Eq. (5) with pilot furnace injection data of Ishihara (9) yields agreement with
in the expected limits of accuracy of available s9 data for high-temperature cal
cination in flue gas. 

I~PLICATIONS OF THE KINETIC ANALYSES: RATE LIMITING MECHANISM 

The above su11111ary discusses two independent results of our studies which indicate 
that product layer diffusion determines the maximum rate of sulfur capture by Cao. 
They are: (1) the shape of the X vs. t response curves, and (2) the strong de
pendence on specific surface area. It should be possible to deduce the nature 
of the diffusion process occurring within the product layer from measurements of 
the effects of temperature and of gas phase concentration on the reaction rate. 
The obvious mode of transport would be molecular diffusion of H2S, COS, or S02 
through pores or cracks in the product layer. If this were so, the overall rate 
would be expected to increase in direct proportion to the partial pressure of the 
reacting gas, and the effect of temperature would be relatively slight, reflect
ing the l .5-power temperature dependence of the gas diffusion coefficient. An 
Arrhenius-type plot of rate data for such a case would yield an apparent activa
tion energy of only 5 kcal/mol. 
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The results of our investigations of the temperature effect consistently show 
good agreement with the Arrhenius relationship over the full range of tempera
tures studied: 760 to 1175°C for S02; and 600 to 900°C for H2S and COS. The 
plots yield apparent activation energies of 37 and 31 kcal/mol, respectively, 
implying that the diffusing species are not gaseous. The observed results are 
most consistent with a mechanism of ionic diffusion in the solid state. In this 
case, the diffusivity of the product layer increases exponentially with tempera
ture in the same Arrhenius relationship that defines chemical reaction rate: 

Ionic diffusion: De = 00 exp (-E/RT) ( 6) 

Chemical reaction: kc = k0 exp (-E/RT) 

and showing similar, high values of the activation energy, E, that normally 
characterize chemically controlled reactions. Without inforniation on the inde
pendent effect of surface area on the rate of reaction, it would not be possible 
to distinguish between the two analogous processes. 

The effect of gas concentration is also revealing. Under reaction conditions 
that ensure differential operation and eliminate pore diffusion, the reaction 
rate of Cao was found to be less than first order in all cases. For S02 and H2S, 
the rate increased with only the 0.6 power of partial pressure. For COS, the 
reaction rate was independent of partial pressure as indicated in Figure 6, pro
viding the clearest evidence against gas phase diffusion. 

From the four lines of evidence discussed above, it seems most reasonable to con
clude that the diffusion process controlling the rate of transport through the 
product layer involves the movement of ions, not gas. This conclusion is con
sistent with other recent investigations of Cao reactions. ( 11, 12, 13) Figure 7 
illustrates how the solid-state process may occur: oxygen ions diffuse from the 
cao core through the product layer surrounding the grains and react with the ad
sorbed gas at the product layer surface. The product ion counterdiffuses toward 
the Cao core, maintaining charge balance. 

REACTION PROMOTERS 

The rate of ionjc diffusion is determined by the concentration of defects in the 
atomic lattice l 141; in this case, the lattice structure of the product layer. 
Defects are induced either thermally--which is responsible for the exponential 
temperature dependence of Eq. (6)--or by the substitution of ions of different 
valence into the lattice. When an ion having a valence different from calcium 
is incorporated in the growing product layer, an oppositely charged defect is 
created in the lattice to preserve electroneutrality. It is characteristic of 
such 11 substitutiona1 defects 11 to enhance diffusion most stron~ly in the lower 
temperature regions where thermal defects are 1ess dominant.( 51 It is not un
reasonable to expect, therefore, that certain foreign metal oxides or salts 
might enhance the reactivity of Cao when present on its surface. If incorpor
ated into the growing product layer, the defects induced by the foreign ions 
could increase ionic mobility and reduce the activation energy of diffusion 
through the product layer. Faster sulfur capture would result. 

Our study of promoters was begun shortly after the discovery, by the Energy and 
Environmental Research Corp., that Cr203 significantly enhances S02 capture in 
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pilot furnace tests. When that result was confirmed by the Southern Research 
Institute, we undertook a laboratory study to detennine: (1) if the effect of 
Cr203 is due to catalysis of S02 oxidation, and (2) whether its effect could be 
duplicated by other additives. 

One could hypothesize that Cr203 increases the rate of S02 capture by any of 
three likely mechanisms: (1) by reducing the rate of Cao sintering, (2) by in
creasing the rate _of S02 oxidation, or (3) by increasing the rate of ion diffu
sion. The first possibility was quickly eliminated by measurements of the sin
tering rate of Cao prepared from limestone containing 5 percent Cr203 additive. 
At 700°C, it reduced the specific surface area 60 percent relative to untreated 
limestone that was calcined and sintered at the same conditions. When the lime
stone contained only 1 percent Cr203 additive, it yielded CaO having 22 percent 
lower surface area. -

Since Cr203 accelerates sintering, the procedure adopted to minimize this inter
f2rence with the S02 reactivity measurements was to pre-calcine a batch of 3.0 
m Jg Cao without additive (90 min. at 980°C) then mix 9 wt percent cr2o3 (equiv
alent to a 5 percent mixture with limestone) by grinding in a mortar. Samples 
of the mixture were then exposed to 3000 ppm S02 + 5 percent 02 (balance N2) in 
a different;a1 reactor at 1125°C, following a 2 min. heatup period. The conver
sion vs. time response was compared with the response obtained with similar 
tests of 3.0 ~Jg Cao that was ground in the mortar, but no promoter added. A 
quantit~tive measure of the promoter's effect was determined as the ratio of kd 
values !6) obtained from the two X vs. t responses. 

The results of the Cr203 tests showed an increase in the reactivity by a factor 
of about 4.5 at 1125°C relative to the unpromoted Cao. We thus conclude that 
the laboratory tests do qualitatively reproduce the effect observed in field 
tests. Additional measurements made at a reactor temperature reduced to 800°C 
also showed an increase in reactivity--by a factor of about 7 compared to Cao 
without Cr203. Thus, high temperatures are not a requirement for "activation" 
by the promoter. 

To determine whether Cr203 acts as an oxidation catalyst in promoting reactivity, 
tests were carried out in which the Cr203 (sieved to <5 µm particle size) was 
dispersed separately in a layer of quartz wool above the Cao sample. The gas 
flow thus passed through the Cr203 before reaching the Cao. No effect on the 
reactivity of the CaO was apparent when exposed in this manner, indicating that 
contact between the two solids is necessary and that the effect of Cr203 as a 
promoter is probably not due to catalysis of S02 oxidation. 

Other Promoter Tests 

ll25°C. Tests were made with other metal oxides and salts to determine if the 
CaO/S02 reaction can be promoted by substances besides Cr203. Table l lists 
those screened so far. The test procedure was the same as described above 
(ll25°C, 9 wt percent promoter added to 3.0 ~Jg CaO). Since most of these 
measurements are preliminary, differences less than 20 percent should not be 
considered significant. 

Comparisons of Table 1 data show that the carbonates and sulfates of the alkali 
metals are as effective as Cr203 in promoting the S02 reaction with Cao under 
the conditions of our tests. 
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Included in the list are V205 and Fe203, both known catalysts of S02 oxidation. 
Their low effectiveness as Cao reactivity promoters, compared to non-catalysts 
such as Na2S04, is further evidence that catalysis is not involved in the mech
anism. 

Table 1 also shows that c1- ion inhibits the reaction; both NaCl and FeCl 3 re
duced reactivity while compounds containi~~)the same cations, but no c1-, in-
creased reactivity. Earlier experiments have shown that CaC1 2 is a strong 
inhibitor of the H2S/CaC03 reaction under anoxic conditions, suggesting a mech
anism similar to the one operating here. 

Figure 8 shows the effect of varying the amount of promoter added for Na2C03. 
The doses were equivalent to l, 2, and 5 wt. percent addition to limestone. 
The degree of enhancement increased with the amount added, but not in direct 
proportion. It is important to note that the contribution of the Na2C03 to S02 
capture is relatively minor: at the 5-percent level of additive, it accounts for 
about 7.5 percent of the total sulfur capture while the Cao conversion doubled. 

800°C. If promoters function by the lattice-defect mechanism, a reduction of the 
activation energy should be apparent. Another series of tests was therefore con
ducted at 800°C to pennit comparisons with the reactivities measured at 1125°C. 
These tests were focused on elements of Group IA of the periodic table which were 
identified as potentially most effective by the initial screening at 1125°C. Fig
ure 9 shows the conversion vs. time responses measured for several of these addi
tives. Table 2 lists the kd ratios obtained from the curves by the same methods 
used for the Table 1 data. Comparison of the tables shows that the ratios are all 
significantly greater at low temperature, in accordance with the expected reduction 
in activation energy. The effect of Li2C03 was most striking, increasing the Cao 
reactivity to such an extent that 100 percent conversion was attained. Addition
al response curves were measured for Li2CO~ at 1000°, 900°, and 700°C all of which 
showed little difference from those at 800 and 1125°C. The activation energy is 
apparently reduced to near-zero by Li2C03 in this temperature range. 

The effect of Cr203 on Cao sintering has been discussed. Additional tests were 
made to evaluate the relative rates of sintering caused by other promoters. 
These tests were conducted at 800°C, adding 5 wt percent of the promoter to <3 um 
limestone particles and calcining under differential conditions; the Cao was then 
sintered without nitrogen flow for 10 min. Table 3 shows the preliminary results; 
it is apparent that accelerated sintering is a conmen feature of most potential 
additives. At this stage of our investigations, one would expect the most effec
tive promoter to be that with highest overall ranking in Tables 1, 2, and 3. 

CONCLUSIONS 

In the absence of pore diffusion and interparticle diffusion resistances, the 
reactivity of Cao with H2S, COS, or S02 increases with the square of the specific 
surface area. 

When surface area is constant and pore diffusion resistance is absent, the reac
tivity of Cao increases exponentially with temperature in accordance with the 
Arrhenius relationship. The apparent activation energies are 31 kcal/rnol for H2S 
and COS, and 37 kcal/mol for S02. 

The ultimate rate of reaction is determined by diffusion through the product 
layer surrounding the Cao grains within a calcine particle. 
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Diffusion through the product layer appears to occur by a solid-state process 
involving ionic transport, not by gas diffusion. 

The reactivity of Cao with S02 can be markedly affected by the presence of for
eign metal oxides or salts on its surface. 

The observed effects of promoters are not consistent with a mechanism involv
ing catalysis of S02 oxidation. The effects are qualitatively consistent with 
a mechanism which assumes that defects are induced in the growing product layer, 
increasing the ionic diffusivity. 

Carbonates and sulfates of the alkali metals were the most effective practical 
promoters found to date, according to the screening procedures used in our 
1 aboratory. 

The reactivity of Cao with COS is zero order with respect to COS concentration. 

Cao sintering is accelerated by C02 and by most promoters of the CaO/S02 reaction. 
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Table 1 

PROMOTER SCREENING TESTS AT 1125°C 
(9 wt. percent in 3.0 rrf/g CaO, 3000 ppm so2 + 5% 02) 

Additive 

Rb2S04 
Cr203 
Na2C03 
Rb2C03 
K2S04 
NaHC03 
NaHS04 
K2C03 
Na5P3010 
Na2S04 
Tron a 
KHC03 
Na2Si03 
Mo03 
L~ 2 so4 ·H20 
T102 
H3B03 
NiC03 
NazB407 
P205 
Fe203 
Alz03 
S i1 i c i c Ac i d 
MgO 
Li2C03 
v2os 
ZnO 
None 
sb2o5 
CuO 
NaF 
NaCl 
FeCl3 
Na Br 

6-19 

Ratio kd With Additive 
kd Without Additive 

4.6 
4.5 
4.3 
4.2 
4. 1 
4.0 
4.0 
4.0 
3.9 
3.7 
3.5 
3.0 
2.5 
2.3 
2.2 
1.9 
1.8 
1 .8 
1.6 
1.6 
1.4 
1.4 
1.3 
l.2 
1.1 
1.1 
1.0 
1.0 
0.8 
0.8 
o. 7 
0.4 
0.3 
0.2 



Table 2 

PROMOTER TESTS AT 800°C 
(9 wt. percent in 3.0 nf /g Cao, 3000 ppm so2 + Si 02) 

Additive 

Table 3 

Ratio kd With Additive 
kd Without Additive 

200 
59 
21 
20 
13 
13 
11 
9 
8 
7 
6 

SINTERING TESTS OF S02-REACTION PROMOTERS 
(5 wt. percent in limestone, calcined and sintered at 800°C) 

Additive 

None 
A1203 
Mo03 
Na2C03 
Na2S04 
Na2C03 (repeat) 
NaHC03 
NaHC03 {repeat) 
Rb2C03 
K2C03 
Cr203 
Li2C03 
Li2C03 (repeat) 
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Cao Specific Surface Area 
(m2/g) 

37 
30 
23 
20 
18 
17 
15.0 
15.2 
13 
12 
11 
1.4 
4.2 



ABSTRACT 

FLOW REACTOR STUDY OF CALCINATION AND SULFATION* 

V. P. Roman and L. J. Muzio** 
KVB, Inc. 

Irvine, California 92714 

M. w. ~cElroy 
EPRI 

Palo Alto, California 94303 

K. w. Bowers and O. T. Gallaspy 
Southern Company Services 

Birmingham, Alabama 35202 

The renewed interest in direct furnace injection of dry sorbents for so2 control 
from coal fired boilers has prompted bench scale studies of the calcination and 
sulfation of calcium compounds. The bench scale study was conducted in a one
dimensional flow reactor. The objective of the study was to determine the inter
relationships of the calcination and sulfation processes and how these processes 
are influenced by the type of sorbent material, temperature, and residence time. 
Four materials were studied: two limestones, a calcium hydroxide, and a pressure 
hydrated dolomitic lime. Calcination and sulfation of these sorbents were inves
tigated over the temperature range of 1400-2000°F and residence times of 0.20 to 
U.75 seconds. The reaction environment consisted of combustion products from a 
natural gas or hydrogen fired burner doped with so2 and co2• 

* The work presented in this paper has been sponsored by the Electric Power 
Research Institute and Southern Company Services. 

**Currently with the Fossil Energy Research Corporation 
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FLOW REACTOR STUDY OF CALCINATION AND SULFATION 

INTROOUCTION 

Ory sorbent emission control is currently undergoing renewed interest as an so2 
control approach for coal fired boilers. While this technology was investigated 
during the 196U's and early 1970's the results were unsuccessful in achieving 
~SPS goals. Success of this current development activity hinges on gaining a 
better understanding of the process fundamentals. EPRI and Southern Company 
Services are currently supporting the development of dry sorbent emission control 
(USEC). 

At tne onset of the program, little fundamental information existed on the funda
nentals of the calcination and sulfation processes for conditions representative 
of utility boilers. Previous studies (Ref. 1-5) had studied calcination and 
sulfation using rather large particles and in experimental systems with either 
cnaracteristically long residence times; or in pilot scale systems where the 
conditions were not uniform or well specified. To support the current develop
ment program, bench scale experiments were conducted to provide a fundamental 
basis to interpret the pilot sca1e work being conducted as part of the DSEC 
development program. 

The objective of the study was to develop an understanding of the interrelation
ship between the calcination and sulfation processes and the effects of te~pera
ture and residence time on the processes for a variety of calcium based sorbents. 
This was considered important in gaining an understanding of the mechanisms that 
either limit high sorbent utilization or can be taken advantage of in yielding 
high utilization in a utility boiler environment. In particular the bench tests 
were structured to determine: (1) the rate of calcination of both limestones and 
calcium hydroxides in an idealized combustion gas environment; (2) the evolution 
of surface area of the calcine during the calcination process; and (3) the rate 
of sulfation as a function of temperature, residence time, and sorbent type. ~ 

EXPERIMENTAL APPARATUS 

A one dimensional entrained flow reactor was used for the study. A schematic 
diagram of the experimental apparatus is shown in Figure 1. The system is 
comprised of an isothermal f1ow reactor, a sorbent injection system, and a 
sampling system. The flow reactor (Figure 2) consists of a 1.94 inch (I.D.) 
stainless steel tube, three feet long, which is heated electrically. The reactor 
was operated with the inside diameter defined by the stainless steel tube or 
lined with a high alu~ina refractory. The electrical heaters were controlled 
using thermocouples located in the reactor gas stream. A gas burner, using 
either natural gas or hydrogen, was used to generate gases for the reactor. In 
addition a variety of dopant gases, typically C02 and so 2, were added to the gas 
stream at the burner. The temperature at the entrance to the reactor test sec
tion was controlled by varying the location of the burner in the horizontal 
section and by the electrical heaters on the horizontal section (Figure 2). 
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Te.nperatures within the test section were controlled by the electrical heaters. 
In the current configuration the flow reactor could be operated over the temper
ature range of nominally 1200°F-2100°F. All flows to the reactor were measured 
with calibrated rotameters. 

Tne flow reactor is operated at a flowrate of approximately 1.4 scfm, which at a 
temperature of 1800°F results in a velocity of 6.5 ft/sec and a residence time 
over the maximum reactor length of 0.75 seconds. Residence time was varied by 
varying the reactor length from 1.5 to 3 feet or varying the gas flow through the 
reactor. 

A fluidized bed feeder was used to feed the sorbents to the reactor. Two fluid
ized bed feeder designs were used; a mechanically fluidized system similar to 
tnat employed by Borgwardt (Ref. 6) or a sprouted fluidized bed that was mounted 
on a load cell. This latter arrangement could be used to more accurately deter
mine the sorbent feed rate. For the results reported in this paper sorbent feed 
rates were on the order of 10 grams/hr. The sorbent was injected into the 
reactor through a water cooled injector to insure that all reaction occurs within 
the test section. 

The sorbent sampling system is comprised of a sample probe, particle collector, 
vane pump and a gas sample system. The probe is water cooled with the capability 
of injecting inert gas into the sample stream to quench the reactions. All of the 
reactor gas flows through the sample probe. The solid sample is collected with 
either a cyclone or an alundum thimble. A gas sample is extracted upstream of 
tne solids collector and is continuously analyzed for o2, co2, CO and so2• 

Basically two types of experiments were conducted during the study: 

Calcination experiments where the flow reactor was operated 
without S02 and the rate of calcination and the evolution of 
calcine surface area determ~ned. 

Sulfation experiments where S02 was added to the flow reactor gas 
stream and the extent of sulfation determined. During these 
tests the flow reactor was operated in a dilute mode where the 
Ca/S ratio was much less than unity. In this way the sorbent 
particle was exposed to a constant so2 concentration over the 
entire residence time in the reactor test section. 

All data analysis was based on characteristics of the collected solids. The 
solids were analyzed for carbon and hydrogen with a Perkin-Elmer elemental 
analyzer and the, sulfate content determined by ion chromatography*. The extent 
of calcination of the calcium carbonate materials was determined from the carbon 
content of the sample and calcination of the hydrated sorbents determined from 
the hydrogen concentration of the sample. The extent of sulfation (or sorbent 
utilization) was determined from the sulfate content. 

The BET surface area of the samples was measured using a Micromeritics Flow Sorb 
analyzer. This instrument performs a single point determination of the BET area. 

*Chemical analysis of the samples were perfomed by 'the Southern Research 
Institute. 
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SORBENT CHARACTERISTICS 

A variety of sorbents were used during the study including two natural lime
stones, a calcium hydroxide, and a pressure hydrated dolomitic li~e. These same 
sorbents are being used in a pilot scale study of dry sorbent emission control 
(Ref. 7). The chemical and physical properties of the sorbents are given in 
Table 1. The two limesones were selected to represent a range of morphological 
properties. The St. ~enevieve limestone is a fairly crystalline material with a 
surface area of 1.7 m /gm w~ile the Marianna limestone has a substantially higher 
initial surface area, 6.3 m /gm. The Ca(OH) 2 and pressure hydrated dolomitic 
lime were selected as being typical, commercially available, hydroxide compounds. 

RESULTS 

The test program involved separate tests of the calcination and sulfation of 
the sorbents. These results will be discussed separately below. It should be 
pointed out that the test program is currently ongoing and the results presented 
in this paper should be viewed as preliminary. 

Calcination 

The calcination results of the tests performed with the St. Genevieve limestone 
in a flue gas environment containing 12 percent co2 are shown in Figure 3a. As 
expected the calcination rates increase as a function of temperature. At 2000°F 
80 percent of the calcination occurred in less than 0.5 seconds. The Marianna 
calcined more rapidly (80 percent in 0.3 seconds at 2000°F) and shows similar 
temperature dependence with increasing calcination rates with increasing 
temperature. Both, the Marianna and the St. Genevieve limestones exhibit no 
calcination at 1400°F in an environment of 12 percent co2• This is expected 
since the equiliorium partial pressure of co2 at 1400°F is 0.12 atm. Removing 
the co2 from the gas stream (by firing hydrogen) results in calcination of the 
limestone at 1400°F as shown in Figure 4. At a temperature of 1800°F changing 
the bulk gas co2 concentration from 0 to 12 percent has no apparent effect on 
calcination. Again this result is expected since the equilibrium partial 
pressure of co2 for the calcination reaction is 0.8 atm at 1800°F. 

~orgwardt (Ref. 6) suggested that in a kinetically limited regime calcination 
rates are proportional to initial BET surface area with an activation energy of 
48 Kcal/moles. For the conditions studied in this program the higher surface 
area stone calcined more rapidly even though the particle size of the Marianna 
limestone was 3.5 times as large as the St. Genevieve stone. However, both the 
Marianna and St. Genevieve stones exhibited slower calcination rates than 
reported in Ref. 6. The porosity of these stones may have resulted in a co2 
diffusion limitations within the particle which lowered the overall rate of 
calcination relative to kinetic limitations. 

Figure 5 shows the results of the calcination tests with calcium hydroxide. From 
these results it is not possiole to identify any temperature dependence of the 
calcination rate. This is thought to be an artifact of the analysis since the 
degree of calcination is determined by the mass fraction of hydrogen which 
accounts for only three percent of the total mass of the uncalcined material. 
Any contamination by moisture or modest error in the analysis results in rela
tively large discrepency in the calculated degree of calcination. It is evident, 
however, that the calcination rate of the calcium hydroxide is faster than that 
of the limestones with at least 80 percent calcination occuring in 0.2 seconds. 
The pressure hydrated dolomitic lime exhibited calcination rates comparable to 
the calcium hydroxide. 
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The evolution of surface area for the Marianna limestone (Figure 6) shows that 
the surface area of the material increases with reactor residence time to a peak 
value and then decreases. Highest surface areas are generated at the lower tem
perature conditions. During calcination the surface area increased by over a 
factor of about two (from 6.3 m2/gm to 15 m2/gin). 

The surface area of the pressure hydrated dolomitic lime (Figure 7a) is seen to 
be an increasing function of reactor residence time during calcination. The 
evolution of surface area ~s also seen to be a function of reactor temperature 
with surface areas of 37 m /gm being produced at 1800°F and residence times of 
0.6 seconds. This effect is not observed during the calcination of calcium 
hydroxide. Figure 7b shows that the BET surface area for the calcium hydroxide 
does not increase as a function of residence time but actually decreases some
what. Since calcination results with the calcium hydroxide were not obtained for 
residence time less than 0.2 seconds, higher surface areas could have been pro
duced early in the calcination process and that grain growth and sintering of the 
porous Cao structure occurred at residence times earlier than 0.2 seconds. 

Calcination of the pressure hydrated dolomitic lime in the flow reactor resulted 
in substantial increases in BET surface area (Figure 7a). To investigate the 
effect of more moderate heating on surface area, small quantities of the material 
were heated at temperatures of 300-400°C for 16 hours in a nitrogen sweep gas. 
The resulting weight loss and BET surface areas are shown in Figure Sa and Sb 
respectively. As seen in Figure 8a. the majority of the weight loss can be 
associated with the dehydration of one water molecule from the dolomitic 
hydroxide (a so~ewhat greater weight loss occurred with heating at the 400°C 
condition). Thermodynamic considerations suggest that the dehydrated water is 
associated with the ~agnesium. Surface areas in excess of 110 m2/gm resulted 
from the heating process. Further, data at 350°C and 400°C suggest that the 
surface area continues to increase up to the point where the one H20 molecule 
is dehydrated. With further heating and weight loss (heating times greater than 
nine hours at 400°C) the surface area begins to decrease. Sulfation tests of 
these partially precalcined materials is currently in progress. 

Sul fat ion 

Sulfation of the sorbents was investigated over the same conditions as the cal
cination tests. During these experiments, the sorbent feed rate was kept at a 
value such that Ca/S < 1 in order that the sorbent particle experienced a con
stant so2 level throughout its residence time in the reactor. In general, the 
sulfation data exhibited a higher degree of variability than the calcination 
data, and the source of this variability is still under investigation. The 
results of the sulfation of the Marianna limestone and calcium hydroxide are 
shown in Figure 9a and 9b respectively. For the sulfation of Marianna limestone 
two points are noteworthy. First, the general level of calcium utilization 
(e.g., fraction of the calcium converted to sulfate) is on the order of 15 to 
20 percent. Secondly, there is very little effect of te~perature over the 
range of 1600 to 2000°F. The effect of residence time is difficult to establish 
altnough it appears that beyond 0.25 seconds, tne utilization only increases by 
about 15-17 percentage points per second. ~ore data is needed to more defi
nitively establish the residence time effects. 

The sulfation of the calcium hydroxide, shown in Figure 9b exhibits a sonewhat 
higner utilization than the limestone. Again, the variability observed in the 
data to date preclude drawing definite conclusions on the effect of temperature 
or residence time. Temperature, as with the limestone appears to have a minimal 
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effect over the range studied and the majority of the sulfation appears to have 
occurred within 0.25 - 0.4 seconds. This is consistent with the surface areas 
generated during calcinati~n of Ca(OH) 2 (Figure 7b); all the surface areas were 
in the range of 10 to 15 m /gm. 

More interesting results were obtained with the pressure hydrated dolomitic lime 
as shown in Figure 10. This material exhibited utilizations on the order of 20 
to 2~ percent when the reactor was operated at 1600-1800°F with sulfation occur
ring within a residence time of 0.3 seconds. ~hen the temperature was increased 
to 20U0°F. the utilization increased to the range of 50-55 percent for residence 
ti1nes between 0.25 and 0.35 seconds. Further tests are in progress to extend 
tnis range of residence times at this higher temperature condition. These trends 
with residence times and temperature are consistent with pilot scale work 
reported in another paper in this symposium (Ref. 7). 

A question still remains as to what limits high utilization of these calcium 
based sorbents; kinetics and reactive surface area, pore plugging. or solid 
diffusion. To provide some insight into the limiting mechanism the· surface area 
of the sulfated pressure hydrated dolomitic lime was determined and is plotted as 
a function of utilization in Figure 11. During the s~lfation process t~e surface 
area decreases from a calcine surface area of 25-37 m /gm to under 10 m /gm as. 
the utilization exceeds 50 percent. If all of the CaO surface area consisted of 
grains of a uniform diameter and each grain sulfated uniformly, the change in 
surface area should follow the shaded band in Figure 11. The change in surface 
area is significantly greater, suggesting either: (1) the concept of uniform 
sulfation of a grain is not correct and that visualizing the process as sulfation 
of a pore where a larger change in surface area per unit of sulfation occurs is 
more correct, or (2) pore plugging limits access to active surface, or (3) the 
sulfated layers from adjacent grains merge to decrease access to reactive 
surface. 

SUMMA;n 

The following summary points can be made from the bench sacle results to date: 

Limestone calcination rates at temperatures over 1800°F are 
relatively fast with 80 percent calcination occurring within a 
residence time of 0.3 seconds for the Marianna limestone, and 0.5 
seconds for the St. Genevieve limestone. 

Calcination rates are a function of the initial surface area of 
the limestone. 

Limestone calcination rates measured in this study were slower 
than rates determined under conditions where kinetics dominates 
(Ref. 6) suggesting a co2 diffusion limitation within the 
particle. 

Surface area of the limestone calcine increases during calcina
tion; for the Marianna limestone the surface area increased by a 
factor of three. Calcine surface area decreases as calcination 
becomes complete. 

Calcination rates of the hydrated materials are more rapid than 
the carbonates. with the majority of the calcination occurring in 
less than 0.2 seconds. 
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During calcination of the calcium hydroxide the calcine surface 
area was less than the initial surface area at residence times 
greater than 0.2 seconds; while the calcine surface area of the 
pressure hydrated dolomitic lime increased with residence time 
and temperature. 

Sulfation of the limestones and Ca(OH)z was relatively insen
sitive to temperature and residence times with utilizations in 
the range of 12-20 percent and 15-27 percent respectively. The 
majority of the sulfation occured within a residence time of 
0.25 seconds. 

Utilization of the pressure hydrated dolomitic lime increased as 
the temperature increased from 1800°F to 2000°F. Utilization at 
2000°F was on the order of 50-55 percent. 
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Table 1 

SORBENT CHARACTERISTICS 

St. Genevieve Marianna Ca lei um Pressure Hydrated 
Limestone Limestone Hydro xi de Do 1 omit i c Li me 

Caco3 Caco3 Ca(OH) 2 Ca(OH) 2 Mg(OH)2 

CaUl:'., wt% 53.1 50.1 72. 2 43.1 

:-lg 0' wt% 0.9 1.0 2.0 30.3 

Particle size, 
:~MU, )m 8.4 30 2.3 1. 3 

Density, gm/cm3 2. 71 2.70 2.24 2.30 

surface Area BET 

m2/grn 1. 7 6.3 14. 3 19. 6 

7-20 



CALCIUM-BASED SORBENTS FOR DRY INJECTION 

ABSTRACT 

Jeffery L. Thompson 
Dravo Lime Co~pany 
3600 Neville Road 

Pittsburgh, Pennsylvania 15225 

Dry injection technologies for 502 capture require that the mass mean dia~eter of 
the sorbent particle be relatively small, less than 20,µ, to obtain removal rates 
high enough to make the process economically competitive with wet scrubbers. The 
least expensive method of producing fine sorbent particles is by hydrating lime. 
Typical commercial hydrates have a mass mean diameter less than 5..-4<. New studies 
of hydrate particles used in S02 capture show that the reactant layer is less 
than 1000 ~thick, the subject of this paper. These studies define the limiting 
~echanism for sorbent utilization, i.e. the conversion ratio of CaO to Caso4. 
fvbreover, this understanding of the S02 adsorption process points to how hydration 
production methods might be modified to enhance S02 capture. 

CHARACTERIZING ?ARTICLES 

"Calcium-based sorbents" for all practical considerations means limestone or its 
derivative products: lime, essentially calcium oxide, CaO; and/or hydrate, 
Ca(OH)2. There are also industrially precipitated calcium carbonates, CaC03, and 
natural ocean bed deposits of calcareous sands. For dry injection into boiler 
zones where the temperature exceeds lOOooc both the carbonate and hydrate formu
lations will calcine to the oxide, CaO. The S02 control reaction thus occurs 
with ca lei a, or lime, _i.e., CaO, irrespective of the initial calcium composition. 
Much of the physical and chemical description of CaO is dependent upon its 
processing pathway, and some of those properties are critical to the adsorption 
of S02: specific surface area; ~ass mean diameter of the particles; and, chemical 
composition and physical chemistry of the particle surface. In order to ascertain 
what are desirable attributes of sorbent particles, it is necessary to understand 
how S02 is adsorbed onto Cao. 

In a broad review of the existing data for S02 adsorption into lime, there are two 
quasi related trends which are obvious: the fractional conversion of CaO to CaS04 
is inversely related to particle size; and as the particle size decreases the 
specific surface area plays an increasing important role in S02 capture. Large 
particles, bigger than 30 or 40 microns, perform poorly in terms of S02 capture 
and are resistant to improvement by any means, e.g. time-temperature profile in 
an S02 laden gas, S02 concentration, and increasing the specific surface area of 
the sorbent. 
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Diffusion limitations of an unreacted core model suggest, and empirical data 
supports the idea, that S02 capture is improved by using small particles with a 
high specific surface area. Thus the limit of Ca conversion is at least a combined 
function of particle morphology and geometry. 

Powders that are produced by grinding and/or pulverizing may be reasonably well 
approximated in mathematical treatments by spheres or regular geometric solids 
with an aspect ratio (length:width:height) close to l; powdered limestone and the 
derivative lime that is calcined from it are examples of such materials. Instru
ments that measure particle size for example assume that the particles have an 
aspect ratio close to 1 in the calculations used to determine size distribution. 
Such an assumption for hydrate particles has little correspondence to reality: the 
particles are often serpentine, highly irregular in shape and are commonly 
clustered into built-up forms; they may have aspect ratios as high as 50:1:0.l. 

If the calculated surface area of a material (the surface area of spheres having 
diameters defined by the particle size distribution) is substantially less than the 
measured specific surface area then the conventional view is often that the 
particles must be porous. In the case of hydrate particles the measurement of 
particle size distribution by means of the usual commercially available instruments 
nay be somewhat misleading in that the instru~ents do not account for irregular 
shapes with significant length to diameter ratios; i.e., the very nature of 
hydrate. An accurate characterization of hydrate requires SEM micrographs, and 
often TEM micrographs and surface analysis with SIMS in addition to particle size 
and BET specific surface area. 

In the pursuit of small particles with high specific surface areas, it is necessary 
to constantly keep in mind that the entire dry sorbent injection technology is 
driven by economics: wet scrubbers using Mg enhanced lime perform extremely well: 
99+5~ S02 removal at a stoichiometry of essentially 1, they are, however, expensive 
to install. The cost advantage that a dry injection systerr. might have deteriorates 
rapidly as the unit cost of sorbent used to capture so2 increases. The quest thus 
is one of low cost, small particles with a high specific surface area, with 
emphasis on "low cost". Obtaining small particles, 100% less than 20~, by 
grinding down rocks is not an attractive proposition, particularly in view of the 
fact that the typical commercial hydrate has an mmd of less than 10~, usually 
around 2 c.11111d ~4x. 

Producing calcines, i.e. CaO, from CaC03, with a very high specific surface area 
is thwarted by some basic fundamental relationships: specific surface area of CaO 
from CaC03 is inversely related to both the temperature of calcination and the 
partial pressure of C02. Commercially produced lime has a specific surface area 
of about lm2/g, with a ratio of the total gas flow to lime produced being about 
3:1, 3kg total gas flow for lkg of lime from a kiln. The throughput or product 
flux of a kiln system is typically on the order of 0.1 T/hr. per sq.ft. of cross
sectional area of 1 metric ton/hr. per m2, Moreover, the kiln atmosphere is the 
co~bustion gases of the coal used for fuel. Current laboratory experiments that 
have produced high specific surface area calcines (40 to 60 m2/g) use dry N2 sweep 
gas at a gas to lime ratio of 20 or more with a product flux of less than 1% of a 
commercial kiln. The reason for the low material density is so that the C02 
evolving during the calcination of one particle doesn't provide a partial pressure 
of CO for adjacent particles (a commercial liMe kiln runs about 30-35% C02 
atmos~here). About one-third of the unit cost of producing lime is for capital 
equipment': equipment costs divided by output; if the equipment cost of a special 
kiln for high specific area lime were comparable to existing kilns but the 
throughput were only one-tenth that of conventional kilns (this allows for a ten
fold improvement from present laboratory experiments due to economics of scale and 
learning more about the design requirements) the resulting lime would have an FOB 
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orice around $160·-180, vs. $40-50 for corrunercial lime. Experiments that have 
produced calcines with 100 m2/g or more specific surface area have used conditions 
so exotic (combinations of very small particles, approaching a l;t mmd, and/or very 
high sweep gas rates) that the CaO cost would be in the range of 20¢ to $1 per 
ounce, too high by more than a factor of 100 to be practical. 

Prospects for significant step function increases in the specific surface area of 
lime from commercial kilns and/or ~inimizing the exotic conditions now employed in 
experimental work that yields high specific surface area calcines are the prover
bial two: slim and none. [mprovements in any technology tend to trail off with 
time, the learning curve gets flatter and flatter as a field of pursuit matures. 
At one end of the spectrum is computers, their capacity per dollar is still 
doubling about every two years with little evidence yet of it trailing off, but 
the industry is hardly 30 years old; conversely, the lime industry is known to be 
at least 10,000 years old with kilns discovered in archeological sites in Africa 
dating back 25,000 to 40,000 years. Today an improvement of just 10% in the cost 
of producing lime or the output of a plant would be considered close to astonishing. 
Hopes for finding 10-fold or 100-fold step increases in specific surface area 
without commensurate increases in cost are simply not very realistic. There is, 
however, much to be done with hydrate, a material, and its nethods of production, 
that have escaped significant scientific inquiry for most of this century. 

The reaction of S02 with secondary caicia (CaO derived by ca1cining hydrate) is a 
surface or near surface phenomenea. Analysis with SIMS and ISS of hydrate injected 
into conbustors with S02 present shows th~t the conversion of CaO to CaS04 does not 
significantly intrude beyond 500 to 1000 A i~to the particles, in fact in most 
cases there is little sulfate more than 500 ~deep. 

Theoretical treatxent of so2 being adsorbed into a secondary calcia particle is 
made difficult by the nature of the hydrate particle itself. Conventional models 
that deal with a reactant layer on a shrinking core assume that the surface or near 
surface naterial is not significantly different than the bulk substance in terms 
of defects, site energy, etc. and that the shape is a regular geometric solid, i.e. 
a sphere or close to it. In reality the reaction layer of a particle where S02 
combines with CaO is al~ost entirely defined by defects, edges, surface chemistry, 
and the shape is anything but regular. 

A combination of inforrr.ation from scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), both with energy dispersive spectroscopy (EDS) capa
bility; and SIMS makes it possible to piece together an inage of how S02 and CaO 
react. The particle surface, which is less than pure CaO, encounters S02 and 02, 
it begins to form CaS04, among other compounds, probably initially as a monolayer 
but growing in thickness to become an amorphous film, then microcrystalline and 
finally an increasingly thick and more completely crystalline coating over an 
unreacted core of Cao. Since CaS04 is a salt on an oxide it forms a co~plete, 
smooth, relatively impervious coating (thus reducing the free energy of the oxide 
surface); the other surface compounds are commonly Na2S04, CaClz, CaC03, Na2C03, 
and Na 2o. 
Once the surface develops into a well defined CaS04 layer, further CaO utilization 
is limited by a double diffusion: S02 and 02 through the CaS04 layer; and the 
diffusion of CaO and CaS04 with each other. 

Several attempts have been made to alter the basic limitation of CaO conversion to 
CaS04 through the use of additives which combine with the CaS04 layer and substrate 
CaO to significantly alter the rate of CaO diffusion into the ~edified CaS04 layer. 
There are any number of compounds that will function to increase the diffusion of 
CaO in CaS04, ones with sodium are perhaps the most obvious. This changes the 
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binary Ca0/CaS04 reactant layer to at least a quaternary system of CaO · CaS04 -
Na2S04 - Na20. In reality the coal combustion flue gases contain chlorine as well, 
and the sorbent surface contains some NaCl as an impurity so that the overall 
system phase diagrams have a considerable liquidous and/or two phase liquid/solid 
regions. The surface system is also more complex than quaternary: CaS04, CaCl2, 
Na2C03, KCl, CaC03. 

The mechanisms for mixing additives and sorbents are three: 

(A) The additive and sorbent are mixed and injected into the boiler where 
the additive vaporizes, then condenses out of the vapor state onto 
the sorbent particle, but also on the fly ash, boiler walls, tubes, 
etc. Transfer of the additive to the sorbent surface is not very 
efficient; NaHC03 is in this category. 

(B} Jhe additive and sorbent are mixed and injected into the boiler where 
the additive melts and/or will form a solid-state co~pound with CaO. 
To be effective this requires that the sorbent and additive particles 
are s~all enough and mixed inti~ately enough that they cling together 
and/or collide in the boiler. 

(C) The additive is applied to the surface of the sorbent partic1e prior 
to injection. This can be done by washing limestone with a solution 
of the additive or in the case of hydrate the additive can be included 
in the water used for hydration. If the additive is more soluble 
than Ca(OH)2 then with a carefully designed hydrator the additive 
will be largely contained on the surface of the hydrate particle. 

The size. shape, surface morphology and chemistry of hydrate particles are deter
mined by a combination of: 

(A) Reaction rate of the water and lime. 

(B) The tine lapse to evaporate any excess water. 

(C) Additives in the water and impurities in the original lime. 

Hydration kinetics, i.e. crystallization of Ca{OH)2 from CaO + H2o, defines the 
basic particle morphology. There seems to be almost a basic unit structure of 
hydrate when lime and water are mixed and there is any appreciable delay (more 
than 1 or 2 seconds) befor~ the heat of reaction vaporizes the excess moisture: an 
obloid shape, 200 to 1000 A long with an aspect ratio of about 2. i.e. its diameter 
is roughly half its length. Liquid-mixed hydrate particles up to centimeters in 
size when viewed in SEM micrographs all appear to be built-up collections of these 
same basic pieces. 

The morphology of hydrate particles resulting from steam and lime, or a water 
spray (fog) striking an excess of CaO yields particles with vastly different 
surface structures than the liquid mixed particles have. There is yet another 
variable, additives, which alters the particle surface even more. 

The demonstrated efficacy of additives used with hydrates and their limited pene
tration into the reacted sorbent particles emphasizes the fact that the surface 
characteristics and'morpho1ogy of the sorbent particle are the critical deter
minants in capturing S02. While it is essential that the sorbent particles are 
small, it is probably critical that the particles be small (Ji.. or less) in only one 
dimension, not all 3. 
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There is also the prospect that for boiler injection some combined oxide forms may 
have a higher affinity for sulfur dioxide than Cao with just a modified surface. 
Work in the steel industry on ladle metallurgy for desulfurizing specialty steels 
would suggest certain combinations of lime, alumina and silicates might be a 
promising avenue of investigation. The "designed formula lime" can be made by 
briquetting combinations of limestone, hydrate and/or hydrate with additives, 
bauxite, etc. which is then fired in a commercial lime kiln; the product is 
hydrated as the most economical method of obtaining very fine particles, and then 
injected into the boiler v1here the hydrate reverts to the oxide. To date only a 
few formulations have been produced by this method and are yet to be tested in a 
combustor. 

The possible combinations of compounds, and their concentrations in a designed 
lime product, in addition to a variety of hydration me~hods yields a myriad of 
potential sorbents to evaluate. In view of the fact that neither the unreacted 
core model (for roughly spherical particles), nor a porous solid model are 
realistic representations of hydrates and their derivative oxide forms it may seem 
that there is little alternative but to matrix through the list of possible 
sorbents that could be manufactured. However, it seems much r.10re efficient to 
attempt to model the system: computer graphics, particularly fractals, along with 
descriptions of behavior from physics, chemistry and thermodynamics have the 
potential of creating a technique for evaluating the sequence of "designed lime
hydration-dehydration/sul fat ion." 
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Figure 6. Common view of hydrate particle from a 
commercially produced hydrate product with an mmd of 
2.5 microns and a specific surface area that averages 
19 m2/g. 

Figure 7. A schematic illustration of a calcium 
sulfate layer on an unreacted substrate of calcium 
oxide. 
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ABSTRACT 

LABORATORY-SCALE PRODUCTION ANO CHARACTERIZATION 
OF HIGH SURFACE AREA SORBENTS 

O. A. Kirchgessner 
U.S. Environmental Protection Agency 
Office of Research and Development 

Industrial Environmental Research Laboratory 
Research Triangle Park, NC 27711 

The objectives of the research described are to produce high surface area sorbents 
in an apparatus amenable to scale-up, and to determine those characteristics in 
the raw carbonates which correlate to the development of high surface areas in the 
calcined product. Thus far, limestones crushed to minus 600 ~m have been calcined 
to produce maximum surface areas of from 40 to 58 m2/g in a laboratory-scale flu
idized bed reactor with a pulsed air flow. A dolomite similarly treated has pro
duced a surface area of 74 m2/g. 

Particle size and elemental analyses of the raw stones have been performed, and 
a significant negative correlation between maximum surface area development and 
iron content has been noted. No correlation between surface area development 
and petrographic properties has yet been demonstrated. 

INTRODUCTION 

The U.S. Environmental Protection Agency is developing the limestone-injection 
multistage burner (LIMB) process as a cost effective means of achieving the simul
taneous reduction of S02 and NOx emissions from coal-fired boilers. As originally 
envisioned, the process was to control NOx by staged combustion and S02 by injec
tion of limestone with the coal. It was expected that the limestone would calcine 
to Cao in the higher temperature zone of the boiler and combine with S02 at lower 
temperatures downstream. Subsequent experimental evidence suggests, however, that 
optimal sulfur capture may not occur due to imperfect calcination of the limestone 
and/or to an interaction between the sorbent and mineral matter in the coal. Ad
ditionally, experimental evidence on sulfation kinetics shows that S02 capture in
creases with the square of the sorbent surface area.<11 One effective alternative, 
therefore, appears to be calcination of limestone under more favorable conditions 
outside the boiler and injection of the resulting high surface area sorbent into 
the boiler at the upper portion of the sulfation temperature zone. In support of 
this approach to the LIMB process, the ongoing research described here has the fol
lowing objectives: l} to develop a laboratory-scale method, amenable to scale-up, 
of calcining limestones to high surface areas (35-45 m2/g); 2) to determine the 
physical properties of the sorbents produced; and 3) to identify properties in the 
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raw stone which correlate to the development of high surface areas in the calcined 
product. 

CALCINATION 

The investigation of methods to produce high surface area calcined sorbents pro
gressed in two phases. The first phase consisted of a series of simple screening 
experiments to delineate the parameters thought to be important in governing max
imum surface area. In this case the parameters were: l) sorbent characteristics; 
2) time; 3) temperature; 4) particle dispersion; 5) rate of flowing medium; and 
6) composition of flowing medium. The second phase consisted of constructing and 
operating a fused quartz fluidized bed calcination unit to optimize surface area 
development. 

Screening Studies 

Samples for these experiments were drawn from a collection of 19 pulverized lime
stones and dolomites that were already on hand. Most of these stones consisted 
only of minus 44 µm material. Those that had a wider size range were screened 
at 44 µm to eliminate larger particle sizes. This was the only sample prepara-

.tion performed on these materials. 

To determine the degree to which sorbent characteristics govern surface area de
velopment, 5 g of each stone from the above collection was calcined at 850°C for 
30 minutes in a quartz crucible. The atmosphere was still air. The resulting 
surface areas are recorded in Figure 1. The fact that dolomites as a group 
achieved higher surface areas than the limestones was expected, but it was 
somewhat surprising to note the inconsistent performance of chalks and marls. 
Research by Harvey, et al .(2) has suggested that these types of materials rou
tinely produce high pore volumes and surface areas. The important result for 
this part of the screening effort is that, even among the limestones, the surface 
areas vary by a factor of nearly three. It appears that, aside from the distinc
tion mentioned above between limestones and dolomites, sorbent characteristics 
play a more significant role in surface area development than was initially ex
pected. 

The next series of experiments focused on calcination conditions which might 
affect the maximum surface area produced. For this series two stones were 
selected from the above group: El Dorado limestone and dolomite 99, hereafter 
referred to as Kaiser dolomite. In each case the stones were calcined over a 
series of temperatures, comparing one other variable at a time. 

In the first case only the means of dispersing the sample was varied. Of each 
stone, 2 g was calcined in a stil1 air environment for 30 minutes at tempera
tures ranging from 750 to 900°C. The samples were placed in a quartz cruci
ble for one run and dispersed on quartz wool for the other. As shown in Figure 
2, both the limestone and dolomite achieved higher maximum surface areas, and 
achieved these maxima at lower temperatures when the sample was dispersed on 
wool. Dispersion therefore was assumed to play a positive role in surface area 
development. 

In the second case 2 g of each stone was again calcined at temperatures from 
700 to 850°C for 30 minutes. All samples were now suspended on quartz wool 
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with a still air ~tmosphere used in one run and flowing air used in the other. 
Figure 3 shows that limestone achieves a higher maximum under the flowing regime 
and that dolomite is tending to achieve its maximum at a lower temperature. 
A flowing air regime, therefore, appeared to be beneficial in achieving higher 
surface area. 

The results of the last screening experiment are shown in Figure 4. In this case 
2 g of material dispersed on quartz wool was calcined for 30 minutes at tempera
tures from 700 to 850°C. In one run a flowing air regime was used, and in the 
second run flowing nitrogen was used. Both gases had been dried. The nitrogen 
atmosphere appears to have been beneficial in producing surface area in both 
stones; the dolomite achieved a higher maximum, and the limestone reached its 
maximum at a lower temperature. 

The screening studies, despite their simplicity, held important implications for 
later work. It seemed clear that characteristics of the raw limestones could sig
nificantly affect surface area development and should be identified if possible. 
The importance of particle dispersion and a flowing regime suggested that fluid
ized bed calcination, already available commercially, might be adapted to the 
production of high surface area sorbents. The remainder of the research investi
gated these.preliminary findings. 

Fluidized Bed Studies 

A new suite of samples was required for the fluidized bed experiments since the 
minus 44 µm material was too fine for fluidization and more costly for commer
cial production than a coarser size range. Discussions with lime industry repre
sentatives revealed that a minus 600 µm size fraction could be produced with 
state-of-the-art crushing and screening equipment. To obtain this size fraction 
for laboratory use, quantities of 2-5 cm stone were obtained from commercial lime 
or limestone suppliers, crushed in a Bica jaw crusher, ground in a Bica disc mill, 
and screened at 28 mesh {600 µm). ~aterials were then dried at 200°C for 8 hours 
and riffled and/or coned and quartered to 15 g sample size for calcination. 

Figure 5 shows an exploded view and stock components of the fused quartz fluid
ized bed calciner designed to be operated in a Lindberg muffle furnace totem
peratures of about 950°C. A constant flow of either air or· nitrogen was supplied 
at 5 L/min, supplemented with a flow of 4 L/min, pulsed for l sec durations at 1 
sec intervals to maintain fluidization. 

Figure 6 shows the results of a suite of 15 g, minus 600 um samples fluidized 
in nitrogen for 30 minutes at temperatures ranging from 700 to 850°C. This 
is assumed to be a base case in which conditions were optimized. All stones 
achieved their maxima in the 750 to 800°C range, with the single dolomite reach
ing a surface area of 69 m2/g. The limestone maxima ranged from 40 to 50 m2;g 
with an average of 45 m2Jg. 

Figure 7 shows the results of a similar experiment, but with air instead of nitro
gen as the fluidizing medium and with two additional stones from the screening 
experiments included for comparison. The results are both more erratic than the 
base case and somewhat unexpected. The screening experiments suggested that 
higher surface areas would be produced in a nitrogen atmosphere, but during flu
idized calcination in air some surface areas decreased and others increased rela
tive to the results achieved with nitrogen. The average of 44 m2/g for the 
limestones is not significantly lower than the base case. 
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Figure 8 shows the results of reducing the fluidization time to 15 minutes in a 
nitrogen atmosphere. The data set must be regarded as incomplete since only the 
Clifton and Maysville stones were 100 percent calcined at 850°C. The remaining 
stones can be expected to gain additional surface area before reaching their 
maxima at 100 percent calcination, but even at this point the limestones had 
achieved an average surface area of 40 ~/g. 

CHARACTERIZATION 

Calcined Sorbents 

B.E.T. and TGA. The principal analytical techniques employed in this investiga
tion for determining the sorbent properties of interest were the B.E.T. (Brunauer, 
Emmett, and Teller) method of surface area analysis and thermogravimetric analysis 
(TGA) for calculating the degree of calcincation. A Micromeritics Flow Sorb 2300 
B.E.T. system was routinely used for single-point surface area analysis. The 
reader is referred to in-depth discussions on the nitrogen adsorption method of 
surface area analysis in Gregg and Sing {3) for details of the technique. TGA 
analyses for carbon dioxide (degree of calcination) were performed on a DuPont 
Series 99 thermogravimetric analyzer and used primarily as a check on the rela
tive accuracy of the surface area measurements. The expected behavior is that 
surface area will increase with increasing calcination until 100 percent calcina
tion is reached. From that point on, the sintering process will act to decrease 
surface area by collapsing the internal pore structure. Raw TGA and B.E.T. data 
for the fluidization experiments shown in Figures 6-8 are displayed in Table 1. 

Another property of interest. and perhaps greater importance, is the distribu
tion of surface area among the various pore sizes in the calcined sorbent. It 
has been assumed that much of the surface area in the high surface area materials 
is concentrated in the range of smaller pore diameters. If these pores are too 
small, however, they may quickly become inaccessible to the S02 molecules due to 
blockage by the sulfation production. It seems reasonable to speculate, there
fore, that the 11 ideal 11 sorbent will eventually be defined by some optimal combi
nation of surface area and pore size. 

Surface area as a function of pore diameter can be determined either by mercury 
porosimetry or by multipoint analysis of desorption curves from the B.E.T. in
strument. Again, the reader is referred to Gregg and Sing for details of this 
analysis. To detennine the ~tility of these methods, a sample of Longview lime
stone calcined to about 50 rnl/g was analyzed on a Micromeritics Model 2lOOE and 
by a commercial laboratory using the mercury porosimetry technique. The results 
of these analyses are shown in Figures 9 and 10, respectively. Extreme care 
must be exercised ·in reading these plots since they cannot be interpreted as 
normal histograms. The bars are of unequal width because they are detennined 
by the availability of data points on the horizontal axis, and extrapolation be
tween these points is not appropriate. In Figure 9, for example, the wide 2 
percent bar extending from 250 to 480 A* indicates that 2 percent of the total 
surface area is found within this total range of pore diameters; not that 2 
percent is found within each category of the range as in a normal histogram. 

The B.E.T. plot in Figure 9 suggests that the surface area is concentrated in the 
range of pore diameters from 80 to 140 A, while the porosimetry data in Figure 10 

* l 0, 000 A :: 1 µ m 
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shows the range of highest concentration to be 180 to 260 A. The utility of this 
type of analysis appears obvious, but the required accuracy for the purposes of 
this research and the available accuracy from the two techniques must be deter
mined before it is extensively applied or finn conclusions drawn from results. 

SEM and TEM. In an effort to adequately visualize the calcined products and par
ticularly to demonstrate the pore structure that was being created, a research 
grade Camscan Series 4 scanning electron microscope (SEM) with a maximum resolu
tion of about 30 A was employed. Reagent grade calcite samples were calcined to 
surface areas of from 12 to 28 rrf./g and viewed with the instrument. Figure 11 
shows the results. Two important observations can be made from the photographs: 
1) the external expression of the pore structure appears as an irregular series 
of fissures or cracks; and 2) there appears to be a directional nature to the 
pore development, perhaps governed by the orientation of twin planes within the 
crystal structure. If these observations prove to be applicable to other calcined 
limestones, they have interesting implications. The implication of the fissure
like nature of the pore structure may be that the assumption of cylindrical pores 
used in current sulfation models and in calculating derived values from B.E.T and 
porosimetry analyses is incorrect. The second observation leads to the interest
ing speculation that, if calcination (pore development) has a preferred direction, 
then so may sulfation. If this is true then stone crushed to a particle size of 
less than the crystal size may calcine to particles having a unifonn directional 
orientation of both porosity and sulfation. This type of product may prove to be 
more effectively sulfated than one consisting of particles containing numerous 
randomly oriented crystals. 

Figure 12 may lend support to the idea of a directional orientation to the por
osity although its interpretation is not yet clear. It is a transmission elec
tron micrograph (TEM) of one of the Maysville calcines. The crystals on the left 
are hydrated due to exposure, while those on the right appear to be lime. The 
dark areas may represent internal porosity preferentially oriented along the long 
axis of the crystals. 

Raw Stone 

Petrography. At present two samples of each of the raw stones have been thin
sectioned, stained to distinguish calcite from dolomite, and described petro
graphical ly. Large amounts of time have not been"expended in point counting or 
statistically validating grain size. This may be warranted when the properties 
of particular interest are detennined •. No correlation has been observed thus 
far between petrographic characteristics and surface area development in the 
calcined product. Nomenclature used in classification is after Folk. (41 

Maysville stone (Figure 13) is a biolithite consisting of Tetradium coral frag
ments replaced primarily by untwinned sparry calcite ranging in crystal size up 
to 0.8 ll1TI. Echinoid plates and spines, some partially replaced by chalcedony, 
are also abundant. Pelleted intraclasts add to the framework while micrite and 
pelleted micrite comprise the matrix. Dolomite rhombs are ubiquitous. 

Longview limestone (Figure 14) is classified as an intrasparrudite or a pelspar
ite. It consists of alternating thin (l.5 to 3.0 mm) layers of pelleted micrite, 
pellets plus pelleted intraclasts, and intraclasts only, depending on the degree 
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of sorting. Spaces between clasts are filled with twinned sparry calcite up to 
1.0 mm in crystal size. No fossils are present. 

Clifton stone (Figure 15) is a biomicrudite consisting largely of Rudistid 
mollusc shell fragments. The matrix consists of micrite and some shell hash. 
Generally untwinned sparry calcite up to 0.7 mm in crystal size is replacing 
some of the shell material as well as the matrix. The stone is extremely por
ous with as much as 15-20 percent open voids. 

Round Rock limestone (Figure 16) shows two distinct lithologies. One is a bio
pelmicrite with a mollusc shell fragment framework. Interstices are filled with 
nearly equal portions of pelleted micrite and coarse {up to 1.00 mm) untwinned 
spar. The other is approximately half fossiliferous intrasparite and half fossil
iferous intramicrite. Foraminifera are abundant with some echinoid fragments. 
Grains are generally rounded. 

Genstar dolomite (Figure 17) also consists of two markedly different lithologies. 
The first one consists only of intergrown crystals up to 0.1 mm with all sedimen
tary features apparently eradicated by dolomitization. The second lithology is 
a dolomitized pelmicrite with alternating layers of micrite and large pellets 
(0.4 mm) in a micrite matrix. Some sparry material is found in pelleted layers 
and as crack filling. Ostracod and bryozoan fragments are present. 

Particle Size. Analyses of particle size distributions in the minus 600 um ma
terial used for the fluidized bed experiments were performed using an Allen
Bradley Sonic Siever and are presented in Table 2. Figure 18 shows a scatter
plot of the median particle diameters versus the maximum surface areas achieved 
in both air and in nitrogen. No significant correlation is found using this 
limited amount of data although there is an indication that coarser sized 
material tends to develop lower surface areas. It would be expected that, for a 
given set of calcination conditions, an optimal particle size exists. Correla
tions will be sought when additional data are available. 

Elemental Analysis. Elemental contents of the minus 600 um materials were de
termined using x-ray fluorescence and are presented in Table 3. Figure 19 shows 
a scatterplot of the maximum surface areas achieved in air and in nitrogen ver
sus iron content. A significant negative correlation is found with iron, and this 
is the only element that produced a significant correlation. The interpretation 
is not entirely clear in this case since all of the stones, to varying degrees, 
must have been contaminated with iron during the grinding process. 

CONCLUSIONS 

The results of this research to date demonstrate that it is technically feasible 
to produce high surface sorbents using a fluidized bed calcination technique at 
the laboratory scale. The implfcation is that the commercially available fluid
ized bed calcination units may be capable, perhaps with modification, of produc
ing sorbents having high surface areas. Additional work will be done to deter
mine the effect on surface area of reducing air flow to the minimum needed for 
fluidization, and of using a simulated combustion gas for the fluidizing medium. 

Characterization of calcined reagent grade calcite by SEM and TEM suggests a fis
sure-1 ike pore structure and a directional nature to the calcination controlled 
by crystallographic properties. If these observations are borne out on other cal
cined materials, they imply that the current assumption of cylindrical pores used 
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in sulfation models and various analytical techniques is incorrect. They imply 
further that, with the proper combination of crystal size in the limestone and 
particle size in the material to be calcined, perhaps some advantage can be made 
of the apparent directional nature of calcination. 

Particle size and elemental analyses of the raw crushed stones show an apparent 
significant negative correlation only between surface area and iron content. As 
additional data is generated, other correlations wi11 be sought. Petrographic in
vestigations of. the raw stones will be focused on the relative amounts of sparry 
calcite present, as well as its crystal size and crystallographic properties such 
as twinning. 
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Figure 11. 

Reproduced from 
bcsl available copy. 

SEM photographs of calcined reagent grade calcite. 
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Figure 12. TEM photograph of calcined Maysville limestone. 

Figure 13. Photomicrographs of thin-sectioned 
Maysville limestone (picture width= 2 mm). 
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Figure 14. Photornicrographs of thin-sectioned 
Longview limestone (picture width= 2 mm). 

Figure 15. Photomicrographs of thin-sectioned 
Clifton limestone (picture width= 2 mm). 
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Figure 16. Photomicrographs of thin-sectioned 
Round Rock limestone (picture width= 2 mm). 

Figure 17. Photomicrographs of thin-sectioned 
Genstar dolomite (picture width = 2 mm). 
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Table l 

B.E.T. AND TGA ANALYSES OF FLUIDIZED BED SAMPLES 

Time Temp. Matsville Cl if ton Round Rock Longview Gen star El Dorado Kaiser 
Atm. (min. ) (oC) TGA BET** TGA BET TGA BET TGA BET TGA BET TGA BET TGA BET 

700 25 12.9 49 13.5 26 12.4 39 21.5 67 46.5 

750 97 40.0 95 44.8 94 38.2 92 47.0 100 69.2 
N2 30 

800 100 39.8 100 49.9 100 39.3 100 49.8 100 64.2 

850 100 33.6 100 44.8 100 31.9 100 45.7 100 57.6 

"° 
700 32 17.0 58 17.6 32 11.0 42 20 .1 85 33 .1 13 24.8 6 7.6 

I ...... 
"° 750 95 39.8 67 35. l 67 31.7 94 43. l 100 64.8 100 58. l 59 37.l 

Air 30 
800 100 37.4 100 39.8 100 43.l 100 53.0 100 57.8 100 53.5 100 74.0 

850 100 34.3 100 40.3 100 38.6 100 48.0 100 54 .2 100 56.6 100 63.6 

700 20 27.0 

750 15 5.4 28 4.9 28 9.7 19 18.0 31 24.0 
N2 15 

800 94 24.0 58 16.0 77 20.0 94 22.0 42 23.0 

850 100 39.0 100 28.0 95 45.0 96 47.0 98 59.0 

* Percent calcination 
** ffil. I g 



Table 2 

SIZE DISTRIBUTION OF FLUIDIZED BED SAMPLES* 

Screen Size ( µm) Gen star Maysville Longview Clifton Round Rock Kaiser El Dorado 

595 5.4 7.6 4.2 3.8 3.9 1.6 3.9 

354 40. l 38.0 36. l 30 .5 36.6 29.4 33.l 

250 12.3 14.7 12. 7 16.2 15.8 21.2 15.0 
"° I 
N 149 16.5 17.l 19.6 20.4 17.9 21.2 17.4 
0 

88 8.6 9.7 11.3 11. 9 10.9 11. 7 11. 7 

44 9.7 9.0 9.2 10.4 9.3 11.0 12.5 

<44 6.7 3.9 6.0 6.6 5.2 2.8 5.2 

Median Diam. 311 325 278 255 300 250 267 

T"EXj)ressed as percentage of material equal to or greater than screen size 
but less than next larger screen size. 



Table 3 

X-RAY FLUORESCENCE ANALYSES OF FLUIDIZED BED SAMPLES* 

Elements Gen star Maysville Longview Cl if ton Round Rock Kaiser El Dorado 

Magnesium ( '.t) 11.8 1.49 0.44 0.35 0.23 9.01 0.36 

Aluminum 720 1800 1000 460 970 64 480 

Silicon 2200 7500 2200 1400 2300 1300 1500 

Phosphorous 0.0 0.0 7 0.0 0.0 140 490 

Sulfur 190 510 300 280 250 130 190 

Chlorine 740 280 5 4 0.0 75 0.0 
\() 
I Potassium 300 600 240 29 16 l 29 N ...... 

Calcium ('.t) 23.4 39.8 39.0 41. l 40.7 20.6 37.0 

Titanium 110 9400 57 19 31 28 55 

Iron 2500 1100 510 810 1200 1600 450 

Nickel 21 11 8 13 74 12 17 

Copper 46 38 35 39 52 21 42 

Zinc 14 0.0 0.0 0.0 0.0 2 4 

Rubidium 54 73 72 79 75 5 70 

Strontium 82 31 180 160 370 93 230 

Barium 70 120 0.0 18 0.0 0.0 0.0 

* ppm except when noted otherwise. 



ABSTRACT 

REACTIVITY OF CALCIUM-BASED 
SORBENTS FOR S02 CONTROL 

J. A. Cole, J. c. Kramlich, 
G. s. Samuelsen, w. R. Seeker, G. D. Silcox 

Energy ana Environmental Research Corporation 
18 Mason 

Irvine, California 92718 

Laooratory-scale controlleo-temperature experiments were usea to study aspects 
of S02 capture by limestone soroents in a flame-gas environment. Experimental 
parameters were soroent type, temperature, resiaence time, ana the effects of 
mineral aaaitives, or promoters, on soroent reactivity. Tne aata revealea that 
isothermal capture is greatest at lOoooc. ana that aoove lOQQOC sintering of the 
limestone can occur wnich reauces the soroent utilization. High surface area 
precalcinea soroents achievea moaerately higher ultimate utilizations than their 
parent caroonates, out the1r real aavantage was more rapia sulfation at lower 
temperatures where raw stones were limitea oy calcination. At 900 ana lOOooc 
tne time for calcination of caroonate soroents was significant. Pressure 
hyaratea (type S) aolomite limes consistently achieved the highest utilizations. 
Tne results suggest tnat--at iaeal sulfation conaitions (IOOooc, isothermal 
resiaence times greater than 1 secona, no aeactivation of tne soroent oy coal 
ash minerals)--the oest calcium ut1lizations achievable woula De aoout 25-30i 
with the raw limestone testea (Vicron 45-3), aoout 30-35% with the raw aolomite 
testea, ana aoout 40% with precalcinea aolomite (precalcinea to a surface area 
of 60 m2/g) ana with pressure-slakea aolornitic lime. The aaaition of Cr203, 
alkali metal salts, ana certain other promoters increased the utilizat1on of 
limestone. Cr203 effected a factor of 3.5 increase 1n utilization after 
calcination at 1600-1700oc. 

INTRODUCTION 

Dry-limestone injection proviaes an economically attractive means for 
controlling S02 emissions in pulverizea-coal-fireo (p.c.) utility boil.ers. The 
process is especially attractive as a retrofit for olaer ooilers oecause of tne 
potentially low capital costs relative to other S02 control technologies (1). 
In aaaition, the raw material is reaaily availaole ana relatively inexpensive 
(2). Early aemonstration tests in the late 1960's ana early 1970's, however, 
met with little success (3} in that acceptaole levels of S02 removal coula not 
be achievea, even with a large stoichiometric excess of limestone. The present 
effort was unaertaken in oraer to investigate the conaitions which will optimize 
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SOz removal from flue gases Dy calcium-oasea ary sorbent injection. The 
conaitions whicn were explorea incluaea time, temperature, sorbent type ana 
preparation, ana the effects of mineral aaaitives on soroent performance. 

Previous efforts have examinea the overall process of S02 capture within the 
conf1nes of the conaitions present in full-scale systems (4,5). Both 
calcination (6) ana sulfation kinetics (7,8) have also oeen stuaiea in 
funaamental experiments ana have oeen aaaressea theoretically (9-11). Tne 
calcination of various l1mestones has oeen examinea with regara to the 
properties -- surface area, porosity, pore size, etc. -- which are most J1kely 
to affect the reaction witn S02 (12-16). Lastly, the interactions of limestones 
with other minerals (17, 18) which are founa i.n coals ana their effects on S02 
capture, ootn positive (19, 20} ana aaverse (14, 21), have oeen investigatea in 
recent years. 

The present paper examines tne S02 capture process in light of past efforts. It 
aoes so unaer experimental conaitions which simulatea the thermal ana chemical 
environment of a p.c. utility ooiler. The experimental oojectives were to 
provide conaitions for soroent inject1on which were representative of those in 
large-scale systems, Dut which were well characterizea, uniform, ana 
reproauciole. Tne needs aaoressea oy this work were: 

t To determine the so-callea "reactivity" of a wiae variety of soroents. 
Reactivity refers to the ability of a sorbent to uptake sulfur unaer 
dispersea-phase high-temperature conaitions which woula exist in 
utility furnaces. Tne reactivities of a numoer of soroents incluaing 
high surface area precalcines were aeterminea in a single experimental 
system. 

t To examine the reactions of calcination and sulfation in the dispersed 
phase at the high temperatures ana snort resiaence times which are 
representative of those encounterea in p.c. utility ooi1ers. 

• To study the effects of mineral matter interactions on the aoility of 
limestone to remove SOz. 

• To ooserve physical changes which could oe linkea to either reactivity 
or the aoility of the soroent to uptake sulfur. 

The approach appliea to these neeas was to inject soroents into the high 
temperature environment of a laboratory gas flame. Both isothermal and non
isothermal environments were proviaea from which the soroents were samplea ana 
analysea to determine their physical ana chemical properties. The soroents were 
sulfated Doth in-situ during calcination ana external to the reactor. In the 
external sulfat1on experiment, sulfation occurred in the aisperse<l phase, in an 
environment which was independent of the reactor conaitions, thereby aecoupling 
sulfation from heatup ana calcination. An attempt was then maae to link the 
physical properties of the sort>ents to their abilities to aosoro sulfur unaer a 
variety of conait1ons. 
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EXPERIMENTAL 

Apparatus ana Conaitions 

Flame Thermal Decomposition. Two experimental reactors were employea in this 
program. The f1rst 1s a flame reactor which was usea to examine flame 
processing of soroents at high temperatures (>l2QQOC) ana short times (<250 ms). 
This reactor (Figure l) consists of a porous-bronze-plug flat-flame burner 
downf1rea into a 10 cm x 10 cm stainless steel chimney with optical, 
thermocouple, ana solias-sarnpling access. Limestones were injectea into the 
reactor through a 0.64 cm i .d. copper tuoe mountea axially through the Durner. 
Solias were entrainea in a fuel/air premixture prior to injection in oraer to 
ensure rapia heating to peak reactor temperature. Heat loss through the reactor 
walls then resultea in a steep temperature aropoff. Injection of the solias was 
accomplisnea with a Smith-type fluiaizea oea feeaer ana off-take tuoe assemoly 
(22, 23). 

Reactivity towara S02 was aeterminea· using a aispersea-phase quartz S02 
react1v1ty prooe. Samples of aispersea soroent--now calcinea in the flame 
reactor, Dut not yet sulfatea--were collectea at the top of the prooe ana 
quenchea slowly (104 K/s) to 6sooc. At this point, the calcinea soroent sample 
stream enterea a reaction zone which was heatea to noooc. In the reaction 
zone, 6 percent S02 was aaaed ana the sample stream allowed to react for 0.6 s. 
The sample then was quenchea ana collectea on a glass fiDer filter at 13ooc. 

Isothermal Reactor. Tne secona reactor is a aispersea-phase isothermal reactor 
( ITR). The iTR proviaes a relatively· long (up to 3.0 s) isothermal zone in 
wnich sorDent chemistry can be stuaiea as a function of time, temperature, ana 
environment. This reactor is unique Decause it proviaes a large volume for 
dispersal of soroents at reasonaole feed rates. This is necessary to permit 
solias sampling for chemical analysis within practical time frames. The !TR 
(Figure 2) is an electrically heatea, arop-tuoe furnace into wnich flame gases 
are aownfirea. It has a heatea length of 90 cm and accommoaates a 10 cm 
diameter alumina reaction tuoe. Tne ITR nas a maximum wall temperature of 
1soooc. 

The test gas for the ITR is proaucea Dy a Durner iaentical to the one usea with 
tne flame thermal aecomposition reactor. Limestone was injectea into the ITR 
along the axis of the reactor through the ourner. The limestones were injectea 
from al .1 11111 i .a. tuDe, which proaucea a turoulent jet, effectively ana rapialy 
dispersing the materials over a wiae cross-section of tne reactor. Resiaence 
times ana heating rates of the particle streams were calculatea oasea on 
conf1nea jet mixing tneory (24) ana convective ana raaiative heat transfer 
calculations. Heating rates were on the oraer of io4 K/s ana total (ena of 
reactor) res1aence times of 1.2 - 1 .6 s were availaole for the experiments 
aescrioea nere. Solias sampling from the ITR was accomplishea with an 
isokinetic water-coolea stainless steel proDe. Soroents were quenchea rapialy 
in the prooe ana collectea on a glass fioer filter locatea at the Dase of the 
proDe. Sampling times ana temperatures were selectea so that sulfur uptake Dy 
the sorbent on the filter holaer was insignificant. The prooe is 1.2 m long ana 
enaoles sample collection within 40 cm of the soroent injection location, thus 
permitting sampling of the aispersea soroent after short (-250 ms) resiaence 
times. 
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Temperature profiles in the ITR are shown in Figure 3. Temperatures were 
measurea using a 0.025 lllTl diameter type S thermocouple. Radiation corrections 
to the thermocouple reaaings were appliea only for the flame thermal 
decomposition reactor and for non-isothermal conaitions in the ITR. Otherwise 
the corrections were smaller than +5 K. The profiles in Figure 3 are all for 
nyarogen/air flames. Methane was usea for flame temperatures aoove 13S0°c. 

Soroent Precalcination Apparatus. In order to generate high-surface-area 
precalc1ned materials for testing in both the TOR ana ITR, the transpiratea bed 
calciner shown in Figure 4 was aevelopea. The apparatus in Figure 4 is a 20-cm 
diameter stainless-steel can placea insiae a large oox furnace. The can is 
f1ttea with a heavy lid which has a single hole for thermocouple access ana to 
allow sweep gas ana C02 to escape. Limestone is spreaa in a thin bea on a 400 
mesh stainless steel screen. Beneath the screen is a spiral maae from 6.4 mm 
stainless steel tubing. The spiral nas small holes drilled on the unaersiae and 
acts as a flow aistributor for the transpiration gas. The transpiration gas, 
N2, is preheatea Dy passing it through a long coil of stainless steel tubing 
locatea insiae the Dox furnace. 

Operation of the transpiratea Oed calciner consists of passing nitrogen through 
the oea of powaerea limestone at high temperature. The mass of limestone ana 
flow of nitrogen are oalancea to proviae the shortest practical calcination time 
at tne lowest possiole temperature. Typical operating conditions are ?oooc, 60 
g limestone, 0.55 l/s N2. Caroon aioxiae evolvea resulting from calcinatfon 1s 
swept away from the limestone Dy the nitrogen, thereoy lowering the local C02 
concentration ana accelerating the calcination rate. For Doth Vicron 45-3 ana 
03002 aolomite, the optimal calcination time was near 75 min. 

Soroents 

Limestone samples were characterizea both Defore ana after injection using 
several analytical techniques which are listea in TaDle 1. Most of the raw 
materials were analysea for chemical composition, particle size aistrioution, 
ana specific surface area. Samples collectea from the reactors were analysea 
for caroon (caroonate), hydrogen (hydroxide), total sulfur (sulfate), ana total 
calcium. From these measurements the extent of calcination and calcium 
utilization (percent calcium as sulfate} were aeterminea for most samples. 

The soroents which are aiscussea here are listea in Taole 2 along with some 
physical ana chemical properties. Vicron 45-3 ana 03002 are, respectively, the 
oasel ine calcite ana aolomite in this stuay. They are comparable in mean size 
(see Taole 3 for size aata) ana specific surface area ana both are high-purity 
minerals. It was from these limestones that the V40 ana 060 precalcines were 
proaucea. Surface areas inaicatea for the precalcines are typical. However, 
the materials were proaucea 1n small oatches, ana surface areas variea between 
Datches. The Type S material is a pressure-slaked aolomitic lime manufactured 
Dy Warner. 
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RESULTS AND DISCUSSION 

React1vity of Flame Treated Soroents 

Figure 5 aisplays histograms of tne react1v1ty for eight soroents flame-treatea 
in the thermal aecomposition reactor at peak temperatures of a) 12oooc ana o) 
1soooc ana then sulfatea in the aispersea-phase reactivity prooe at the stanaara 
0.6 s/6% S02 conaition. For all soroents testea, the reactivity decreased 
precipitously wnen the flame temperature was increasea. Previous measurements 
have inaicatea that this can De attrioutea to aecreasea specific surface area 
aue to more rapia sintering at increasea temperature. However, the relative 
reactivity of the flame-treated soroents is insensitive to f1ame temperature; 
only tne 03002 aolomite ana the precalcine changea positions at the nigher 
temperature. The limestones were generally the less reactive after flame 
treatment, followea Dy hyaroxiaes; ana the dolomites were the most reactive. A 
single precalcine (proaucea from Vicron limestone with a specific surface area 
of 34 m2/gm) was testea for reactivity after flame treatment. This precalcine 
was founa to oe more reactive than the raw stone from which it was proaucea. 
Thus precalcining aces have the potential for proviaing an increased reactivity 
that will not oe completely lost when flame-treatea for short times (<200 ms). 

Isothermal Reactor 

In oraer to investigate simultaneous calcination ana sulfation of sorDents for 
longer times, as might occur for soroents injectea in tne upper furnace, the 
isothermal reactor (ITR) was employea. Calcium utilization was measurea as a 
function of resiaence time in the ITR for five sorbents at temperatures of 900, 
1000, 1100, ana 1200°c. In each case the initial S02 concentration in the 
ournea gases was 3600 ppm, ana the soroent feea rate was aajustea to ensure a 
calcium-to-sulfur ratio (Ca/S) less than 1 .o so that the measured calcium 
utilization woula not be affectea oy S02 aepletion in the reactor. 

Effects of Resiaence Time ana Soroent Types. At 9oooc (Figure 6) the capture 
levels of tne precalc1nes ana Type Sare all greater than those of the raw 
sorDents, 03002 ana V1cron 45-3. In part, this is oecause the raw soroents 
calcinea slowly at this relatively low temperature, which reaucea the availaole 
calcium. The Type S soroent is suspectea as having a lower calcination 
temperature as well as a less enaothermic calcination reaction than the raw 
soroents since it is a hyaroxiae. It may in fact calcine so quickly at goooc 
tnat the calc;nation reaction presents no impeaiment to sulfation. The 
precalines (060 ana V40) are not expectea to sinter (lose surface area) rapialy 
at this temperature. In sunmary, the precalcines oegin to sulfate more rapialy 
than the raw soroents (within 0.5 s) oecause tney ao not experience a lag time 
for the calcination reaction; they reach a higher ultimate util;zation (at 1 .Q-
1 .s s) oecause their lnitial high surface areas ao not sinter so rapialy at this 
temperature, thus remaining availaole for sulfation. 

At 1ooooc (Figure 7) the relative oraer of reactivity has cnangea to: Vicron 
45-3 < V40 < 03002 < 060 < Type s. This reflects a large increase in the 
relative reactivity of 03002. At 1.5 s the calcium utilization of 03002 is 
approaching that of the 060 precalcine; ana, from 0.75 son, the V40 maintains 
aoout 10 percent greater utilization tnan Vicron 45-3. Both of the raw sorbents 
exnioit some aelay in S02 uptake, again aue to calcination, out it is not as 
severe as that experiencea at 9QQOC. In sunmary, the precalcines reach somewhat 
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higher ultimate utilization levels than the raw sorbents but the precalcines 
achieve those levels in a substantially shorter time. All five soroents aisplay 
a aramatic increase in reactivity oetween 900 ana 1ooooc; eviaently, the 
improvement in sulfation kinetics with this increase in temperature more than 
compensates for any increase in the rate of sintering (aeactivation). 

Temperature Effects. Figure 8 summarizes the sulfur capture of the five 
soroents as a function of temperature. The aata shown in Figure 8 were taken 
from utilization profiles (analogous to Figures 6 and 7) at the resiaence time 
of 1.0 s. There is very little uncertainty associatea with the ranking in 
Figure 8 oecause the slopes of the calcium utilization profiles all were shallow 
at 1 .o s. What has not been taken into account is the aelay of the onset of 
sulfation for Vicron 45-3 ana 03002 aue to slow calcination at 900 ana lOOooc. 
Accounting for the aelay woula alter the shapes of the temperature/utilization 
curves in Figure 8 somewhat; however, it woula not oe reflective of the ultimate 
result of low-temperature injection into a p.c. utility ooiler where calcination 
times may oe a factor. 

The most significant aspect of Figure 8 is the appearance of a maximum 1n the 
utilization achievea as a function of temperature. The location of the true 
maximum appears to be very near looooc out may oe aifferent for each soroent. 
The maximum is thought to oe a result of the traaeoff oetween sintering ana 
reaction kinetics. It is interesting that the optimum temperature is the same 
for five aifferent soroents. 

Sintering Rates. A grain moael was usea to estimate sintering rates for 060 ana 
V4o oasea on the ITR sulfation aata. The grain moael is a mathematical moael 
aescrio1ng the sulfation of soroent particles, assuming that the ina1viaual Cao 
grains within the particle are reacting accoraing to shrinking core theory 
(25,26). Accoraing to the moael, the rate of sulfation at any selectea level of 
soroent utilization is aepenaent upon the initial surface area (at zero 
utilization). By using the moael to calculate the effective initial area for 
V40 ana 060 at the various utilizations (at the various resiaence times) shown 
in Figure 7 for 1ooooc (ana in the analogous curves for llQOOC), it was possiole 
to estimate how the initial surface areas of these precalc1nes were aisappearing 
aue to sintering as a function of resiaence time in the ITR. The open symDols 
in Figure 9 show the results of these sintering rate calculations. As shown in 
the figure, the effective initial surface area aecreases rapialy aue to 
sintering for Doth precalcines, especially at the higher temperature. For 
example, at 11oooc, the precalcines have lost half their effective initial 
surface area in less than 0.25 s. The apparent sintering at lOQQOC is not as 
severe. For example, almost 1.0 sis requirea at the lower temperature in order 
to lose half of the initial precalcine surface area; significant sulfation coula 
occur within that time oefore the area is lost. 

In adaition to the physical loss of BET surface area aue to thermal sintering, 
there woula be a loss of reactive surface area aue to sulfation (as reactive CaO 
sites were convertea to CaS04}. The closea symools in Figure 9 show the 
calculatea loss of "reactive surface area" aue to sulfation as a function of 
resiaence time, oasea upon the sulfation levels measurea in the ITR experiments 
(e.g., Figure 7). As inaicated oy the comparison of the closea ana open symools 
in Figure 9, the loss of area aue to thermal sintering is much more severe than 
the loss of reactive area aue to sulfation of CaO sites. {The sulfation 
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reaction might also reauce the BET surface area Dy plugging the interstices 
between grains, as the CaO structure expanas to oecome CaS04. The grain moael 
aoes not account for such sulfate plugging. In fact, the BET area loss 
inaicatea oy the open symbols in Figure 9 is aue not only to thermal sintering. 
but also to sulfate plugging of the interstices or pores. 

Soroent Reactivity Promoters 

Figure 10 shows calcium utilization for Vicron 45-3 injectea alone, ana mixea 
with 6 percent-Dy-weight Cr203, into the ITR. For these tests, the ITR was 
operatea at a constant furnace temperature of llQQOC, out the flame temperatures 
were variea as shown, resulting in a rampea temperature profile from flame 
temperature to 11oaoc. All tests employea 3600 ppm S02. As expectea, the 
utilization of Vicron 45-3 aecreasea with increasing flame temperature. This 
reflects ooth a aecrease in surface area upon calcination, ana in some cases, a 
snorter resiaence time in the sulfation winaow where sulfation will occur with 
reasonaole kinetics (approximately 1250 to 1ooooc). With the Vicron/Cr203 
mixture, however, the utilization initially increasea as the flame temperature 
was increaseo. Subsequently, the utilization aecreasea until, at a 195ooc flame 
temperature, the utilization was nearly equal to that of Vicron 45-3 alone. By 
comparing the utilization of Vicron 45-3 with that of the Vicron/Cr203 mixture, 
enhancement factors were ootainea as snown in Figure 11. The enhancement factor 
is a relative increase in utilization aue to the aaoition of Cr203. The 
enhancement is greatest, a factor of 3.5, at 1600-l?QOOC flame temperature. 
Both the temperature ana the magnituae agree with aata ootainea in a Dench-scale 
ooiler simulator furnace (27). 

Aaaitional Minerals. Fourteen aaoitional minerals were examinea in a series of 
screening tests in oraer to aetermine their potentials as soroent reactivity 
promoters. The materials, in 5 percent-Dy-weight mixtures with Vicron 45-3, 
were exposea to 3600 ppm S02 unoer the 11oooc isothermal conaition as well as 
with a 136o0 c flame firea into the ITR at a furnace temperature of 11oooc. 

Figure 12 shows the results of isothermal tests at 11oooc in oar-graph form. 
Tne open section of each bar is the utilization achievea in 0.92 s; the shaaea 
port1on represents the aaaitional utilization up to 1.4 s. The horizontal lines 
are the averages of four replicates of the utilizations measurea for unpromoteo 
Vicron 45-3 at the two resiaence times. Down-pointing vertical arrows aajacent 
to the oata for Na2S04, K2S04, ana MoS2 show what their calcium utilizations 
woula be if the sulfur initially present in the aaaitives remainea with the 
aaaitive, ana was not releasea oy the additive ana capturea oy the calcium. For 
the Li2C03 mixture, the utilization measurea at 1.4 s was lower than that at 
Q.92 s. 

Every aoaitive testea, except MoS2, causea a net increase in utilization 
(comparea with unpromotea Vicron) after 1.4 s. The magnituaes of the increases 
are not as great as were observea with Cr203; nowever, all of the results are 
aoove the 95 percent confiaence limit oasea on the four replicate samples of 
Vicron 45-3 collectea at l .4 s. 

The same promoters were testea unaer nonisothermal conaitions using a 136ooc 
flame with the ITR st111 at lloooc. Results of these tests are shown in Figure 
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13. The calcium utilization Dy Vicron 45-3 was consiaeraoly lower at this 
conait1on than at 11oooc. This was aue in part to thermal deactivation out also 
stems from the suostantial ly shorter time that the soroent haa in the sulfation 
winaow. The total residence time of the soroent in the flame was 0.6 s; 
however, much of this time the temperature was aoove 125ooc. Calcium 
utilization oy many of the mixtures was quite high comparea with V1cron 45-3. 
Only three aooitives, T102, MoSz, ano V205, haa no oeneficial effect on calcium 
utilization within 95 percent confiaence. After correction for its initial 
sulfur content, utilization Dy the MoS2 sample actually lay below the 95 percent 
conf1oence interval for tne five Vicron 45-3 samples collectea. Platinum ano 
V205, both oxidation catalysts, haa little effect. Tne alkali metal salts as a 
group snoweo the most promise as promoters; and lithium, the lightest alkali, 
proauced the greatest enhancement. 

CONCLUSIONS 

Tne reactivity of flame-treatea soroents was founa to De strongly affected Dy 
both temperature ana sorbent type. The results of this work, snowing a loss of 
reactivity with increasing calcination temperature, were consistent with results 
seen in a prior stuay (28). Tne general oraer of sorbent reactivity, in terms 
of calcium utilization, was: dolomites > nyaroxiaes > calcites. 

For simultaneous calcination ana sulfation unaer lower temperature isothermal 
conaitions, precalcines ana a pressure-hydrated dolomite haa the greatest 
initial reactivity. At longer times ana higner temperatures, however, the 
aavantages of precalcines aiminishea. In general, aolom1tic materials were more 
reactive than calcitic stones; ana the most reactive material testea was a 
pressure-slakea dolomitic lime. Tne aavantage of the aolomitic lime may nave 
been aue, 1n part, to a small mean particle s1ze (aoout 1 m mass mean, comparea 
to aoout 10 m for the calcite ana aolomite) suggesting a neea for Detter 
characterization of soroent size ana size aistribution. For all of the sorDents 
testea, the optimum temperature for isothermal S02 capture was lOOooc. The 
precalcines sintered rapialy at higher temperature, offsetting any increasea 
reaction rate ana aimin1sning their reactivity. 

Soroent react1v1ty was enhancea oy the aaoition of several mineral adoitives. 
Tne greatest improvement was seen with Cr203. An injection temperature of 1600-
17QOOC inaucea the maximum increase in capture with Cr203, relative to 
unprornotea limestone at that temperature. Alkali metal salts also promotea S02 
sorption by lime. With tne alkalis, however, a suDstantial improvement in 
utilization was observea only by using an injection temperature of 136ooc. 
However, the promotea utilizations at 136ooc were still generally less than 
unpromotea utilization at llQOOC, Enhancement of SOz sorption by alkalis 
increasea with decreasing formula weight of the aaaitive. 
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Taole l 

ANALYTICAL PROCEDURES 

PROCEDURES 

Brunauer, Emmett, Teller 
N2 aosorption isotherm 

Perkin-Elmer 2408 
Extent of calcination, 
hyClrati on 

Leco SC32 Instrumental 
Sulfur Analyser 

ASTM 02795 
Chelometric titration 

Seaigraph (X-ray 
seoimentation) 

Mercury instrusion 
poris1metry 
Clistrioution 
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DETERMINATION 

Specific Surface Area 

Carbon, hyarogen aetermination 

Total Sulfur 
cs--: so3-, so4-, s) 

Total Calcium 

Particle size aistri
oution, mean size 

Pore size aistrioution, 
true porosity, porosity 



Taol e 2 

PHYSICAL AND CHEMICAL PROPERTIES OF LIMESTONE SORBENTS 

Chemical Analysis, 
Mean Surface wt% 
Size Area 

Material Composition µm m2/g Ca ~ --
V1cron 45-3 CaC03 11 0.6 39.0 0.49 

Dolomite (Pfizer) CaC03•MgC03 34 0.9 21.0 12. I 

03002 Dolomite CaC03•MgC03 12 0.54 24.8 11. 3 

060 Precalcine CaO•MgO 60.67 

V40 Precalcine Cao 41 .45 

Type S (Warner) Ca(OH)2•Mg(OH)2 1.0 18.20 28.0 15. 9 

M ana M CaC03 6 1. 1 
Limestone 

German Ca(OH)2 14 
Hyaroxi ae 

RWE Ca(OH)2 26 
Hyaroxi<le 

Fisher Ca(OH)2 12 .5 13 54.0 Q.3 
Hyaroxi ae 
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TaDle 3 

PARTICLE SIZE DISTRIBUTIONS OF RAW SORBENTS 

Equivalent Spnerical Mass Percent Finer 

Diameter. µ m Vicron 45-3 03002 Dolomite 

80 100 100 

50 100 99 

30 95 97 

20 80 80 

10 46 42.5 

8 37 . 35 

5 24 21 

3 14.0 13.5 

2 8.5 10 

l 3.0 5.5 

0.8 2.5 4.5 

0.5 1.0 3.0 

Q.3 1.0 
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ABSTRACT 

BENCH SCALE EVALUATION OF SULFUR-SORBENT REACTIONS 

o. M. Slaughter, G. O. Silcox, 
P. M. Lemieux, Gerry H. Newton, and o. w. Pershing 

Department of Chemical Engineering 
lkliversity of Utah 

Salt Lake City, Utah 84112 

High temperature, isothermal data on calcination and 502 capture were obtained 
as a function of temperature, residence time, and Ca/S molar ratio for a wide 
variety of sorbents including limestones, dolomite, and slaked limes. The 
calcination results include extent of both calcination and surface area and 
define the relationship between thermal environment and sorbent characteristics. 
The experimental sulfation data indicate that sulfur capture is strongly depen
dent on the general class of sorbent. Reaction zone temperature was also found 
to critically influence the overall effectiveness of sulfur capture by sorbent 
injection; as the local temperature increases, the rate of heterogeneous chemi
cal reaction and diffusion increase but they are ultimately compensated for by a 
decrease in initial sorbent surface area due to desurfacing during flash calci
nation. The results from the experimental studies are compared with theoretical 
predictions using a combined diffusion/heterogeneous chemical reaction model 
which was developed based on a grain formulation. 

BACKGROLND 

Introduction 

Ccxisiderable attention is being focused on the control of S02 emissions from the 
combustion of sulfur-containing coals. The desire to reduce so2 emissions stems 
partly from their suspected role in acid rain formation. The addition of 
pulverized, dry, calcium-containing sorbents that react with so2 in the boiler 
or furnace to produce a solid product is potentially an economically attractive 
control method. The overall reaction associated with this process under oxi
dizing conditions is: 

(1) 

Extensive early investigations of this control technique(l-4) defined the 
overall characteristics of the process, but yielded some conflicting and 
inconclusive results as to its effectiveness. These studies made clear the need 
for additional high temperature calcination and sulfation data with well
characterized sorbent particles. 

The elementary reactions involved in the process represented by Equation (1) are 
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unknown. Previous experimental studies(2) have indicated a weak dependence on 
oxygen concentration. The effect of 502 concentration is complicated by the 
presence of coupled diffusion and heterogeneous reaction steps; apparent orders 
of one(5), one-half(2), and zero(6) have been reported. 

Purpose and Scope 

The overall objective of the present study was to obtain high temperature sulfur 
capture data under conditions where the thermal environment and the sorbent pro
perties were well-characterized. A 65 kW refractory-walled reactor was used to 
obtain isothermal capture data as a function of temperature for calcitic and 
doloMitic sorbents in both carbonate and hydroxide forms. The results of these 
experiments were compared to a grain model which included pore and product layer 
diffusion as well as heterogeneous chemical reaction. Sulfation kinetics were 
assumed to be zero order with respect to 502. 

EXPERIMENTAL SYSTEMS 

The isothermal reactor which was used to obtain the calcination and sulfation 
data is illustrated in Figure 1. The refractory-walled chamber is 3.0 m high 
with an inside diameter of 15 cm. The main natural-gas-fired burner is attached 
to the horizontal extension at the bottom of the furnace. This 65 kW burner 
supplies the hot combustion products which flow vertically upward within the 
reactor. An independent wall and gas temperature control is provided by a pair 
of 30 kW natural-gas auxiliary burners which are attached to the upper portion 
of the furnace and fired downward in annular channels around the main combustion 
chamber. All natural-gas and air streams supplied to the furnace are precisely 
metered with high accuracy rotameters. S02 is metered into the inlet gas stream 
to allow independent control of sulfur partial pressure. 

The sorbent was metered with a K-tron twin-screw auger feeder, and was 
transported through an eductar to a water-cooled sorbent injector located at the 
bottom of the vertical reaction zone. A .. showerhead" injector design was used 
to ensure rapid mixing of the sorbent with the combustion gas stream; both cold 
flow visualization and hot tracer studies were used to verify the extent of 
mixing. 

The furnace exhaust was continuously monitored for CO, C02, 02, and NO. 502 
concentrations were continuously determined by withdrawing a gas sample through 
a controlled temperature, stainless steel, phase discrimination probe and 
pumping it to a DuPont UV 400 Photometric analyzer. Sample conditioning prior 
to the instrumentation consisted of two glass-wool filters, an electrically 
heated line ta maintain the sample at 130· C, two Perma-pure dryers to selec
tively remove water from the flue gas, and a 60 um, stainless steel filter. 

Solid sorbent samples for subsequent surface area analysis were collected with a 
stainless steel, controlled temperature probe followed illYllediately by a high 
temperature filter. During the sampling, all parts of the system were main
tained above 230· C to minimize hydration. At the conclusion of the sampling 
sequence, N2 was forced through the system until the filter temperature was 
reduced to ambient and all samples were stored under nitrogen. Both the phase 
discriminatict'I S02 probe and the solids collection probe were located at the top 
of the furnace just above the end of the controlled temperature zone and 
parallel to the flow. 
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MATHEMATICAL MODELING OF THE S02-LIME REACTION 

The 502-lime reaction is a fluid-solid system which can be analyzed by assuming 
that the gaseous reactant, 502, must undergo the following: 

diffusion from the bulk gas to the particle's surface; 
pore diffusion to the particle's interior; 
solid state diffusion through the product layer (CaS04); and 
reaction at the product/lime interface. 

~ grain model formulation was adopted for this study based on high resolution 
STEM photograQhS of calcined dolomite particles which showed a grain-like struc
ture with lOOA cracks. lhe modeling of the sulfation reaction by Hartman and 
Coughlin(7) for fluidized beds was used as a starting point. This model is 
based on the assu!Tl)tion that porous lime particles can be represented as conglo
merates of nonporous spherical grains of pure Cao. Note that the major consti
tuents of dolomite are caco3 and MgC03. Dolomite calcines to form Cao and MgO. 
In this study, the Mgco3 was also assumed to form spherical grains of pure MgO. 

The reaction of the Cao grains with S02 was assumed to occur by the shrinking 
core model. The MgO does not react under the conditions of this study. Because 
of the differences in the molar volurres of pure Cao and caso4 (17 and 46 cm3 
gmo1-l, respectively), the sulfation reaction necessarily involves the growth 
of the grains and the concomitant decrease in the porosity of the particle. 

The following assurrptions were made in the development of the grain model: 

the lime particles are fully calcined; 
the grains of Cao and MgO are of the same average size; 
the diffusion of reactant to the particle surface is not 
rate limiting; 
Equation (1) is irreversible and zero order with respect 
to 502; 
the sole reaction product is CaS04; 
the cao grains react by the shrinking core model, and the 
MgO grains do not react; and 
excess oxygen is present. 

The last assu!Tl)tion allows any reaction rate dependence an oxygen to be included 
as a constant in the rate term. lhe details of the overall mathematical for
mulation and numerical solution procedure have been described elsewhere(8). 

DISCUSSION OF EXPERIMENTAL RESULTS 

Sorbent Activation 

Prior to the sulfation experiments, studies were conducted to establish the 
influence of reaction zone residence time and temperature on the calcinatian and 
subsequent activity of the sorbent materials. Each dry sorbent was injected at 
the beginning of the reaction zone (furnace bottom), and a solid sample was 
collected at the exit of the controlled temperature zone for subsequent surface 
area characterization. No 502 was present in these experiments; the surface 
areas reported are those associated with unreacted calcium oxide. Six sorbents 
were used in these and subsequent sulfation experiments: two high-purity large
grain limestones, two slaked limes, a 56% calcium carbonate dolomite, and a 
high-pressure slaked dolomite. Table 1 sumnarizes the chemical and physical 
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properties of these materials prior to their introduction into the reactor. 

Figure 2 surrmarizes the data obtained on surface area as a function of residence 
time within the reactor for the six sorbent materials. In these experiments the 
reactor temperature was maintained constant at 980" C + 20· C (1800· F). (For 
the purposes of data reduction, the MgO and the Cao in-the dolomitic materials 
were assu~d to contribute surface areas based on their molar volu~s and weight 
percentages.) As the calcination proceeded at 980· C with the limestones, the 
surface area developed rapidly; the initial increase occurred in less than 250 
msec. The sorbents were more than 60% calcined at the first sampling point. 
The Vicron limestone exhibited a definite peak in surface area at approximately 
300 msec and then the surface area decayed slightly. No obvious peak was 
observed with the Rollovit limestone. 

Figure 2-8 shows similar results for two slaked lime materials. These calcitic 
hydroxides began with much higher initial surface areas and were approximately 
80% dehydrated by the first sampling point. A local maximum in surface area 
could exist within the first 200 msec; however, it was not possible to observe 
this behavior due to the limitations of the experimental apparatus. In general 
the slaked limes exhibited relatively little change in surface area, even at 
residence times up ta 750 msec at 980· c. In fact, the only major difference 
between the calcitic carbonates and hydroxides was in initial surface area; 
after approximately 500 msec both the extent of calcination and surface area 
were very similar for all four of these materials (Figures 2-A and B). 

Figure 2-C shows similar results with the dolomitic materials (both the natural 
dolomite, C8C03.MgC03 and the pressure-slaked dolomite, Ca(OH)2.Mg(OH)2). As 
in the case of the calcitic materials. the slaked dolomite began with a much 
higher initial surface area and exhibited a definite peak in surface area at 
approximately 300 msec. However, beyond approximately 500 msec the properties 
of both dolomitic materials appear to be very similar. 

Figure 3 surrmarizes the data which were obtained far all six sorbents on surface 
area as a function of reactor temperature for constant reactor residence time of 
460 msec. Figure 3-A shows the results for the two limestone sorbents and indi
cates that, while there are subtle differences between the sorbents, both stones 
behaved quite similarly. After 460 msec at 770• C calcination was less than 20% 
complete and the surface area had only begun to develop. By 870" c the calcina
tion was approximately 60% complete and the surface area of both sorbents had 
reached nearly 30 m2/g. Further increases in the reactor temperature resulted 
in ultimate decreases in the surface area at the 460 msec sampling point. At 
temperatures typical of large utility boiler injection schemes (2200· F) the 
surface area for these limestones would be approximately 10 to 20 m2/g once the 
materials were fully calcined. 

Figure 3-8 shows similar data for the calcium hydroxides and indicates that, as 
in the case of the residence time studies, surface area is only weakly dependent 
on temperature. This may be because dehydration occurs extremely rapidly and 
all of the data shown in Figure 3-B represent essentially fully dehydrated par
ticles; even at 770• C more than 70% of the material was dehydrated at 460 msec. 
Figure 3-8 also shows that both hydroxides behave very similarly with respect to 
the influence of temperature. 

Data for the dolomitic sorbents are shown in Figure 3-C. The surface areas for 
the pressure-slaked dolomite were large at all conditions; calcination at 870• C 
produced a peak surface area of nearly 50 m2/g, a reasonably high value for 
dolomite which had been flash calcined in combustion gases. Further increases 
in reactor temperature resulted in a significant decrease in the available sur-
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face area. Beyond approximately iooo· C the pressure-slaked dolomite became 
essentially indistinguishable from the naturally occurring carbonate by the 460 
msec sampling point (in terms of surface area). Physical inspection under the 
STEM did, however, indicate that the materials had retained their large initial 
difference in particle size; the pressure-slaked sorbent appeared to have a mean 
particle size less than l µm, while the natural occurring dolomite had a mean 
particle size of 20 um. 

In surrmary, the sorbent activation studies suggest that for each sorbent there 
exists an optimum reactor residence time and peak temperature for maximum sur
face area during flash calcination. There appear to be subtle differences 
between sorbent within the same class (ie. calcitic carbonates); however, the 
major differences occur between classes and in general dolomitic materials which 
produce higher surface areas than calcitic materials. In general hydrated sor
bents produce higher surface areas under conditions where the calcination times 
are very limited, but beyond approximately 500 msec there does not appear to be 
a great difference between limestones and slaked limes. 

su:fation 

Figure 4 shows the 502 capture as a function of reactor temperature over the 
same temperature range as the calcination studies for a calcium-to-sulfur ratio 
of 2.0 and a gas-phase so2 concentration (dry) of 2700 ppm. These data indicate 
that captures slightly in excess of 20% were achieved with the limestone sorbent 
(Vicron) in 460 msec. As reaction zone temperature was increased, the overall 
capture decreased dramatically. The solid line in Figures 4 shows the predic
tions made with the grain model using the measured thermal conditions and the 
measured surface areas. A 5 µm mean particle size was assumed for the lime
stone based on measurements of flash-calcined Vicron by Seeker and Cole(9). 
No adjustments were made to improve the agreement between the experimental 
results and the model predictions; all of the diffusion coefficients and kinetic 
rates were based on the prior fundamental work of Borgwardt(S). In general the 
grain model appears to be capable of approximately predicting the actual 
measured performance based on elementary kinetic measurements. 

The overall trend shown in Figure 4, decreasing 502 capture with increasing 
reaction zone temperature, is almost certainly the result of a competition bet
ween sorbent desurfacing (sintering) which reduces the sites available for reac
tion with 502 and the diffusion surface reaction mechanism of the sulfation 
process. Figure 5-A shows a surrmary of the available data regarding the effect 
of reaction zone temperature on the surface area of flash-calcined Vicron in 
bench-scale combustion environments. This figure demonstrates that the results 
obtained in this work are consistent with those obtained by previous investiga
tors and that the surface area available for reaction with so2 decreases drama
tically as the peak calcination temperature is increased. Figure 5-8 shows 
model predictions at a constant surface area of 15 m2/g and indicates that, were 
surface area not a strong function of reactor temperature, sulfation would 
greatly increase with increasing temperature due to both increased pore and pro
duct layer diffusion and increased chemical reaction rates. It is the com
petition between these processes that produces the overall thermal effect shown 
in Figure 4, and the model does approximate these effects correctly. 

It should also be noted that in the practical system a more favorable thermal 
environment (lower temperature) can be achieved by injecting the sorbent farther 
downstream from the burner zone; however, in actual field hardware there is an 
additional penalty associated with this because of a decreased downstream resi
dence time. Unlike the idealized experiments illustrated in Figure 4, calcina-

11-5 



tion temperature and sulfation zone residence time are not independent in a 
practical system. 

Figure 6 surrmarizes the data obtained on the influence of reactor temperature 
for all six of the sorbents. These data were all obtained with a sulfation zone 
residence time of 460 msec and a gas-phase S02 concentration of 2700 ppm. The 
results are reported in terms of percent calcium utilization; in the case of the 
dolomitic material, the magnesium was assurred to remain unreacted based on early 
fundamental studies and recent work by Overmoe et al.(10). In general all of 
the calcitic materials (both the carbonates and the hydroxides) exhibited the 
temperature dependence previously discussed for the Vicron limestone; as the 
reactor temperature increased, the overall 502 capture decreased. For this 
relatively short sulfation zone residence time the peak calcium utilizations 
were between 10 and 20%. 

In general the dolomitic materials exhibited much higher calcium utilizations. 
At both temperatures tested, the pressure-slaked dolomitic lime from Genstar 
produced calcium utilizations of approximately 35% (which would correspond to 
70% 502 capture at a calcium-to-sulfur ratio of 2.0). These materials also 
appeared to be less temperature sensitive than their calcitic analogues. This 
effect is almost certainly due to the presence of the magnesium in the crystal 
structure and may relate to the prevention of pore closure. 

Figure 7 shows a composite plot of calcium utilization as a function of sur
face area for the case with 460 msec residence time at 1090" c. This figure 
indicates that in general the higher calcium utilizations (higher so2 captures) 
are associated with an increase in sorbent surface area. These data also indi
cate that other factors (e.g. in situ particle size distribution, pore size 
distribution) are of some importance in terms of 502 capture by dry sorbent 
injection. Additional work is needed to clarify the role of these secondary 
effects. 

CONCLUSIONS 

The results of this study suggest that the fundamental sulfation data obtained 
by Borgwardt can be extrapolated to combustion conditions typical of pulverized 
coal ~oilers and used in conjunction with an appropriate diffusion/heterogeneous 
chemical kinetic model to predict 502 capture by dry sorbent materials. 
Temperature in the reaction zone was found to have a critical influence on so2 
capture because it controls the reactivity of the sorbent (as characterized pri
marily by the surface area) and the overall rates of diffusion and heterogeneous 
reaction. Increasing termperature increases both the kinetic and diffusion 
rates; however, it significantly decreases the surface area of the sorbent at 
the end of the flash calcination process and, thereby, reduces the sites 
available for reaction with S02. 

As expected, dehydration of slaked limes occurs significantly more rapidly than 
calcination of carbonates, but beyond approximately 500 msec at 900" C the sur
face areas of all the calcitic materials used in this investigation were simi
lar. In general both the dolomitic carbonate and the dolomitic hydroxide 
produced significantly higher surface areas at all conditions tested, and this 
resulted in overall higher 502 captures for these materials. Calcium utiliza
tions in excess of 35% can be achieved in less than 500 msec with pressure
slaked dolomitic sorbents. 
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TABLE 1. SORBENT OiARACTERISTICS 

Dolomite Genstar-S Genstar-N SM ca(OH)2 Vicron 45-3 Rollovit 
Sorbent 

Dolomitic Hydrated Hydrated 
Type Dolomite Pressurized Lime Lime calcite Chalk 

Hydrated 
Lime 

CaC03 ca(OH)2 ca(OH)2 ca(OH)2 caC03 caco3 
Composition MgC03 Mg(OH)2 

Top Size, µm <100 30 30 45,40 <40 

Mean Size , µm 34.0,40 1.4 3.0 3.5 11, 12 6 ...... 
...... 
I ...... 

Ul Bottom Size, µm 1.0 0.3 0.3,0.8 

Density, g/cm3 2.855 2.28 2.30 2.35 2.757 2.37 

Initial Surface 
Area, m2/g 0.64,0.60 30 20 13.5,12.l 0.9,0.6 l. 73 

Surf ace Area at 
1000 · C, m2/g 47.1,44.2 25.3 44.0,41.0 43.8 

Ca, % 21.0 51.0 39.2 37 

Mg, % 12.l 16 0.485 0.50 



ABSTRACT 

EVALUATION OF S02 REMOVAL BY FURNACE LIMESTONE INJECTION 
WITH TANGENTIALLY FIRED LOW-NOx BURNER 

K. Tokuda, M. Sakai, T. Sengoku and~. Murakami 
Mitsubishi Heavy Industries, Ltd. 

M. W. McElroy 
Electric Power Research Institute 

K. Mouri 
Electric Power Development Co. (Japan) 

The ~itsubishi Heavy Industries (MHI) contracted with the Electric Power Research 
Institute (EPRI) and Electric Power Development Company (EPDC, Japan) to evaluate 
the S02-removal effectiveness of furnace limestone injection when applied in com
bination with a low-NOx burner. 

The evaluation included a series of furnace limestone injection tests conducted at 
MHI's 4 ton/hour pulverized coal-fired test furnace equipped with the low-NOx PM 
burner developed by MHI. The results showed 30 to 40 percent reduction of S02 at 
a Ca/S molar ratio of 2:1 while maintaining low-NOx combustion conditions compati
ble with full-scale utility boilers and operating practices. 

Basic (bench-scale) tests were carried out prior to the combustion tests, using an 
electrically heated flow reactor. The resutls from the basic tests were applied 
in interpreting the results from the combustion tests. 
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INTRODUCTION 

EVALUATION OF SOz REMOVAL BY FURNACE LIMESTONE INJECTION 
WITH TANGENTIALLY FIRED LOW-NOx BURNER 

The growing problem of atmospheric pollution by nitrogen oxides (NOx) and sulfur 
oxides (SOx) in stack gases of pulverized coal-fired power plants has generated a 
large amount of research and development activity aimed at demonstraiting suitable 
e~ission reduction technologies. 

Of the several processes that could decrease the NOx and SOx emissions, the injec
tion of limestone or other calcuim compounds into furnaces equipped with low-~Ox 
burners is simplest and requires the least investment. 

In this process, S02 reacts with limestone within the furnace to form solid sulfate 
particles which are then removed from the flue gas in the conventional particulate 
control device. 

This paper shows the results of the experimental evaluation of S02 removal by 
furnace linestone injection when applied in co~bination with the low-NOx PM burner 
technology (1), (2), (3). The evaluation centered around tests at the MHI's 4 ton/ 
hour combustTon test furnace (nominally 12.5 MW) which is designed to ~aintain com
bustion conditions comparable to full-scale utility boilers and ooerating practice. 

SOz REMOVAL CHARACTERISTICS BY LIMESTONE WITH REACTOR TUBE TEST APPARATUS 

Basic limestone injection research on additive type, composition, surface area, 
point of injection and Ca/S molar ratio was conducted in 1970's (4), (5), (6), (7), 
(8). Approximately 30 percent 502 reduction was achieved at the average Ca/S mo Tar 
ratio of 1.5:1 (9). This work was followed by full-scale testing by the Tennessee 
Valley Authority-[TVA] at their Shawnee Steam Plant (10). These studies indicated 
approxi~ately 20 percent S02 capture at the Ca/S molaY:-ratio of 2:1. 

The general reaction describing sulfur capture under oxidizing condition shown in 
the following formula has been studied extensively by several researchers (11), (12). 

cao + S02 + ~ 02 ~ Caso~ (1-1) 

However~ none of these studies duplicated the time/temperature conditions that 
prevail in pulverized-coal flames. Borgwardt (13) has suggested that the reactions 
formulated in (1-2) and (1-3) could be significant under fuel-rich conditions. 

CaC03 + HzS ~ CaS + H20 + C02 

CaO + HzS ~ CaS + H20 

(1-2) 

{1-3) 

Low NOx coal burners produce extensive fuel-rich regions in addition to the usual 
fuel-lean burnout regions of the flame. Consequently, there are two possible modes 
by which calcium-based sorbents may capture sulfur species in a pulverized coal-· 
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fired boiler operating under low NOx conditions. 

In the fuel-lean region the reaction (1-1) may proceed because the lower peak tem
perature will minimize a loss of surface area (deadburning). In the fuel-rich 
region the formation of calcium sulfide may be significant. 

However, Pershing (14) showed that sulfur capture should be enhanced under fuel
rich conditions but-Sulfur retention in the coal char and its regeneration during 
burnout could negate this benefit. 

As reviewed above, there are some discrepancies in the opinions of different re
searchers. These may be due to the Jifferences in the test equipment or test 
conditions employed. 

To clarify sulfur capture mechanisms, basic data on process fundamentals was felt 
to be necessary. For this purpose the basic tests were performed. 

Test Aoparatus and Test Method 

Fig. 1 shows the test apparatus used. The body of the test furnace is cornoosed of 
two cylindrical electric furnaces vertically connected, and inside them are located 
two ceramic reactor tubes each 24 millimeters in diameter and 1000 millimeters in 
length connected end to end with a silica joint. The pri~ary reactor (upper elec
tric furnace) is for the reaction of limestone with 502, and the secondary reactor 
(lower electric furnace) is for the conplete conversion of CaCOJ to C02 at higher 
gas temperatures (>1400°C). 

The quantity of limestone injected is calculated from the rr.easured C02 concentra
tion in the gas. Pulverized limestone with a prepared particle dianeter of under 
56 ~icro-rneters (250 meshes) is stored in a vessel at the top of the apparatus and 
dropped into the top of the primary reactor with two vibrators. 

Test Results and Discussions 

For the presentation of the results the removal rate of 502 (nS02) for a specific 
Ca/S molar ratio is defined as percent of inlet S02 removed. 

Fig. 2-1, Fig. 2-2 and Fig. 2-3 show the effects of the Ca/S ~olar ratio, gas tem
peratures and residence time on the S02 removal rate, respectively. 

These figures indicate the following: 

(1) 502 removal efficiency increases with Ca/S nolar ratios from 0.0 to 
4.0, but begins to level off at Ca/S molar ratios larger than about 
4.0. 

(2) Optimum 502 removal conditions in the tunnel flow type furnace used 
is different from that found in a fluidized bed furnace. The optimum 
gas temperature in Fig. 2-2 is from 950 degrees to 1100 degrees 
centigrade. In case of S02 re~oval in fluidized bed combustion, the 
optimum gas temperature is from 850 degrees to 950 degrees centi
grade. It could be considered that the difference in the optimum 
gas temperature between pulverized coal co~bustion and fluidized bed 
combustion is based on the great difference in limestone reaction 
time with S02. 
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(3) Maximum S02 removal efficiencies are 30 percent at the residence 
time of 0.54 seconds and 80 percent at that of 1.54 seconds respec
tively. 

These test results show a qualitative agreement with the results from other pilot
scale and bench-scale tests (~_), {.§_), (11). 

Fig. 2-4 shows the effect of the limestone fineness on the S02 removal rate. The 
S02 removal rate at Ca/S molar ratio of 2.0 increased to 47 percent from 40 percent 
with increased fineness. From Fig. 2-4, the S02 removal rate is proportional to 
about one-third power of limestone fineness. Ishihara (7) showed that the reac
tivity of limestone was proportional to one-third to one-=-fourth power of limestone 
fineness. Ishihara's test result shows a quantitatively excellent agreement with 
that shown in Fig. 2-4. 

Fig. 2-5 shows the effect of S02 inlet concentration on the S02 rerr.oval by lime
stone. The 502 removal rate is increased with the incre~ent of sulfur content in 
comb~stion gases and is proportional to one-fifth to one-sixth power of sulfur 
content at 1.0 to 2.0 of Ca/S molar ratio. But, the value of ~ower slightly 
changes with the Ca/S molar ratio, the residence time and so on. Meanwhile, 
Ishihara (7) showed that the reaction rate of limestone was proportional to 0.3 to 
0.5 power of sulfur content. It would be possible to understand that the differ
ence in the value of power is based on a different Ca/S rr.olar ratio, residence time 
and reaction temperature. 

As ~entioned before, it was suggested that the S02 re~ova1 rate should be increased 
due to the reducing atmosphere in addition to lower combustion temperatures in low
NOx combustion condition (13). The reactivity of limestone with H2S in the zero 
percent oxygen atxosphere was investigated, simulating the actual pulverized coal 
combustion with over fire air. Here, it was assumed that sulfur species in the 
reduced atmosphere was only HzS with COS left out of consideration. 

Fig. 2-6 shows the reactivity of H2S with limestone in the zero oercent oxygen 
atnosphere as compared with that of S02 i~ the oxidized atmosphere as shown in 
Fig. 2-1. Although the oxygen content in the reaction zone of HzS with li~estone 
was zero percent, the oxygen content at the inlet of the second reactor tube, where 
limestone was calcined perfectly, was kept constant at three percent by adding 
oxygen as over fire air for ~easuring the concentration of HzS as S02. From Fig. 
2-6, the reactivity of HzS with limestone is around half of that of S02 in the 
oxidized atmosphere. 

Fig. 2-7 shows the effect of the inlet gas co~position on the S02 removal rate as 
compared with the result of the base condition shown in Fig. 2-1. It is clarified 
that the S02 removal rate of the inlet gas containing H2, CO and zero percent oxy
gen is lower than that of the base condition. 

~oreover, the S02 removal rate of the inlet gas containing one percent H2 is about 
40 percent with and/or without limestone. And, this reduction of S02 could be 
understood to suggest that S02 decomposes after its reaction with Hz while solid 
sulfur is formed and sticks onto the inside surface of the reactor tube. Moreover, 
it means that the S02 removal by limestone is almost zero in the reduced atmosphere 
with H2. 

Fig. 2-8 shows the effect of methane contained in the inlet gas on the 502 removal 
rate. By addition of 1000 ppm of methane to the inlet gas, the S02 removal rate 
decreased sli9htly and there was no difference in the optimum gas temperature for 
the S02 removal. 
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Moreover, it was reported (15) that the S02 removal rate also decreased with the 
decrement of air ratio in the primary combustion zone in the fluidized bed boiler. 

Since the SOz removal rate is considerably lowered in the reduced and/or zero per
cent oxygen atmosphere, as mentioned above, it is clarified that the reaction of 
li8estone with sulfur species such as HzS in the reduced atmosphere is not desir
able to keep a high SOz removal rate. 

ANALYSES OF COALS AND LIMESTONE iESTED 

The two bituminous coals selected for the limestone injection test provide a wide 
range of sulfur contents. The results of analyses of the two coals are shown in 
Table 1. 

The limestone of Japanese Ikura was selected for the limestone injection test as a 
high quality of CaC03. The result of analysis of the limestone is shown in Table 2. 

Three values of limestone fineness were selected for the limestone injection tests. 
The finenesses are 80, 97 and 100 percent through 200 mesh. 

FACILITIES FOR COMBUSTION TEST 

Tangential Fired Low-NOx PM Burner 

~he low-NOx PM burner, which had been ~reviously tested and verified (1), (2), (3), 
was selected as a suitable low-NOx burner for the limestone injection tests-:- The 
basic concept of this burner is as follows: 

(1) Pulverized coal in the primary combustion zone (that is the combustion 
zone for volatile ~atter in coal) should be rapidly burned under 
stable and high temperature condition with an adequate residence time 
to give a low NOx level and good stability. 

(2) The air/coal mixture to the burner should be divided into two 
streams, a coal-rich strea~ and a coal-lean stream, and be burned 
separately through different nozzles contained in the same burner. 

(3) The coal-rich flame and coal-lean flame combined produce low NOx. 
The former has a good ignition stability and the latter essentially 
reduces unburned carbon in fly ash due to a high oxygen content. 

(4) With the above, by co~bining coal-rich flame and coal-lean flame, 
pulverized coal can be burned stably and efficiently (with low un
burned carbon) with an extremely low NOx emission level. 

Fig. 3-1 shows the structure of a coal-fired low-NOx PM burner. 
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Combustion Test Equipment 

Fig. 3-2 shows a flow sheet of the 4 ton/hour (nominally 12.5 MW) test furnace. 
The body of the furnace is a sea-water-cooled double-walled cylinder of 4.4 meters 
in inside diameter and 20 meters in length. A part of its inner surface is lined 
with refractory to keep the furnace temperature at around the level of the actual 
boiler f~rnace so that the flame ignition characteristics, the degree of NOx forma
tion and the ~ercentage of unburned carbon in fly ash in the actual boiler can be 
simulated. 

Measuring lnstr~ments 

Measured items, measuring instruments and measuring method used are shown in 
Table 3. 

Flue gas was sampled for analysis of S02 at the following locations~ (1) along the 
furnace flame axis, (2) furnace outlet, (3) nulticyclone outlet, (4) bag filter 
inlet and (5} bag filter outlet. 

Fig. 3-2 also shows the location of S02 measuring point in the 4 ton/hour test 
furnace. Overall sulfur ~aterial balance has been calculated, based on the analyses 
of the solid and the gaseous sulfur samples at each section mentioned above. 

TEST METHOD 

The limestone injection conditions that were c~anged included the limestone-inject
ing ~ethod, the Ca/S molar ratio, the limestone fineness, the co~bustion rate and 
the oxygen content in the flue gas. 

~oreover, the amount of over fire air {OFA, which was introduced downstream of the 
fla~e) and the amount of the recirculated gas flow throu9h the "Shield" gas re
circulation nozzle (SGR) were changed. 

The burner orimary air te~perature and pulverized coal fineness remained constant 
at 80 degrees centigrade and 70 percent through 200 mesh, respectively. 

Fig. 3-3 shows the various arrangements of injecting systems used for the pulverized 
coal and/or linestone. The type (a) shown in Fig. 3-3 is the coal/limestone mixing 
system. The primary air is led to below the pulverized coal bin and the limestone 
bin, and passes to the burner, carrying pulverized-coal and liw.estone fed through 
the coal feeder and the limestone feeder, respectively. Here, the pulverized coal 
and the li~estone were well mixed by the exhaust fan. 

The type (b) shown in Fig. 3-3 is the system through the auxiliary air nozzle. The 
pulverized-coal and limestone are separately transported to the burner from each 
bin. And, the limestone is injected into the furnace from the auxiliary air nozzle 
provided above the coal-rich coal nozzle. 

The type (c) shown in Fig. 3-3 is the system through the OFA nozzle. In this 
system, the limestone is transported from the limestone bin to the OFA nozzle by 
the limestone primary air. And, the limestone is injected into the furnace from 
the three OFA nozzles provided around the furnace body after being mixed with the 
over fire air. 

The type (d) shown in Fig. 3-3 is the system through the gas recirculation (GR) 
nozzle. In this system, the limestone is transported by the recirculated flue gas 
from the limestone bin to the GR nozzles located around the furnace body downstream 
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of the OFA nozzle. The limestone is injected into the furnace from the three GR 
nozzles after being mixed with the recirculated flue gases. 

TEST RESULTS 

Opti~um ~imestone Injecting Method 

Four types of the limestone injecting methods, as mentioned before, were tested with 
high sulfur coal. Here, the S02 re~oval rate is defined as percent reduction of the 
S02 gas concentration in flue gas compared to the value of that without limestone 
injection. 

Fig. 4-1 shows the comparison of the S02 removal rates with each type of injecting 
method. Although the S02 re~oval rate increases with the Ca/S molar ratio in all 
types of injecting ~ethods, t~ere are great differences in the S02 rer.oval rates 
with the sa~e Ca/S molar ratio in the four types of injecting methods. It is 
clarified from Fig. 4-1 that the type (c), which is through the OFA nozzle system, 
is the most suitable system to remove S02 gases in the furnace. 

Since the oxygen concentration of the type (c) in the reaction zone of S02 and CaO 
is highest due to the mixing of limestone with the total amount of over fire air 
and the S02 removal rate increases with the oxygen concentration in the reaction 
zone as mentioned before, it may be understood that the S02 removal rate of the 
type (c) shows the highest value in those of all types of injection methods. 

S02 Removal Characteristics 

The relation of S02 removal rates to limestone injection conditions and/or burner 
operating conditions are shown in Fig. 5-1 to Fig. 5-3. 

Effect of Ca/S ~olar Ratio on S02 Removal Rate. Fig. 5-1 shows the relation of the 
S02 renoval rate to the Ca/S ~olar ratio with the high sulfur (HS) and the low 
sulfur (LS) content coals. These tests were made by changing the limestone flow 
rate only. 

Although the S02 removal rate increases with the increment of the Ca/S molar ratio, 
this upturn rate gradually flattens with the further incre~ent of the Ca/S molar 
ratio. 

ihe S02 removal rate with HS coal is higher than that with LS coal. The S02 remov
al rate at a Ca/S molar ratio of 2.0 is 44 and 35 percent, respectively. 

From these values of the S02 removal rates, the S02 re~oval rate is proportional to 
one-fifth power of the sulfur content in coal. And, the results of the basic 
information tests shown in Fig. 2-S show a similar dependence on the sulfur content. 
Earlier studies have shown that the sulfur capture is proportional to from one
third power to the square root of the sulfur content (5), (6), (7). The differ
ences in proportional coefficients may be explained due to differences in other 
test conditions. 

Effect of Firing Rate on S02 Removal Rate. Fig. 5-2 shows the relation of the S02 
removal rate to the firing rate in the furnace with the HS coal and the LS coal. 
The SOz removal rate increases as the firing rate decreases when the firing rate is 
in the range from 120 to 100 percent and decreases as the firing rate decreases 
when it is in the range from 100 to 80 percent. And, the S02 removal rate in
creases about three percent with the increment of over fire air from 20 to 25 
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percent, as shown in Fig. 5-2. 

It is considered that the increment of the S02 removal rate with the decrement of 
the firing rate in the range from 120 to 100 percent is due to the increment of the 
residence time, which ~eans the reaction ti~e with lime and S02 gas, in the reac
tion zone. Moreover, it is considered that the decrement of the S02 removal rate 
with the decrement of the firing rate in the range from 100 to 80 percent is due 
to the decrement of the gas temperature in the limestone injection zone. 

Effect of Over Fire Air on S02 Removal Rate. Fig. 5-3 shows the relation of the 
S02 removal rate to the amount of over fire air flow with the HS coal and the LS 
coal. The 502 removal rate increases with the increnent of the over fire air flow. 

In this test, the limestone was injected into the furnace after being mixed with 
the over fire air. It is considered that the incre~ent of the S02 removal rate to 
a higher percent of OFA is based on a higher concentration of oxygen in the reac
tion zone of lime and S02. Changes in sorbent dispersion and mixing may also have 
an effect. 

and Sulfur Material Balance 

Fig. 6-1 to Fig. 6-2 show the S02 concentration distribution along the flame axis 
with the two types of injecting methods. Here, the measuring points are shown in 
Fig. 3-2 as mentioned before. 

Fig. 6-1 shows the result with the coal/limestone nixir.g systen of the type (a). 
In tnis case, the linestone is injected into the furnace from the burner front. 
7he S02 concentration gradually decreases from the burner front to the point 17 to 
18 reters away from the burner front along the flame axis. 

Fig. 6-2 shows the result with li~estone injection t~rough the OFA nozzle of type 
(c). In this case, the limestone is injected into tne furnace from the OFA nozzles 
which are provided at the furnace side wall a~d located about 13 ~eters away from 
the burner front along the flame axis. As shown in Fig. 6-2, the S02 concentration 
abruptly decreases near the limestone injection port along the flame axis. 

Fig. 6-3 shows a typical result from the sulfur mass ballances which were performed 
during the test program as a check on S02 measurements. In this figure, the inlet 
S02 means the S02 concentration calculated from the sulfur content in coal as shown 
in Table 1. The sulfur content in the coal showed slightly scattered values from 
day to day. It is felt that the error in sulfur material balance can be attributed 
to this and to unavoidable errors in sampling of ash. Nevertheless, a reasonably 
good sulfur balance was achieved. 

Since the S02 removal rate is based on gaseous sulfur, which means S02 gas content 
in flue gas with and without limestone injection, it is considered that the S02 
re~oval rates mentioned before have a considerably high degree of precision. 

Flame Temperature and Burner Flame Condition 

The flane temperature distribution measured by optical pyrometer in the direction 
of the flame axis comparing the firing rates with the HS coal and the LS coal are 
shown in Fig. 7-1. 

From this figure, th~ flame temperature at the OFA port is from 1000 to 1100 degrees 
centigrade. 
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Burner flame conditions with the type (c) of injecting Method is shown in Fig. 7-2. 
7his figure shows the ignition condition and the flame pattern of the HS coal with 
the limestone injection using the pulverized-coal-fired low-NOx PM burner. 

From this photograph it is obvious that the pulverized-coal-fired low-NOx PM burner 
is able to keep not only a low NOx level but also stable ignition and good combus
tion in the volatile matter combustion zone. 

NOx tmission Characteristics 

The relation of NOx emission to Ex.02 (oxygen concentration in flue gas) comparing 
the cases with and without li~estone injection for HS coal and the LS coal are 
shown in Fig. 8-1 to Fig. 8-2 respectively. 

NOx values with the injection of 20% OFA at four percent of oxygen concentration 
are around 110 ppm as shown in Fig. 8-1 and Fig. 8-2. Moreover, NOx value decreases 
about four ppm by the injection of the limestone. And, as shown in Fig. 8-1 to 
Fig. 8-2, the unburned carbon in fly ash is very low and slightly increases with the 
decre~ent of Ex.02. 

INTERPRETATION OF TEST RESULTS AND DISCUSSION 

When predicting the S02 removal rate in an actual boiler with the limestone injec
tion systen, it is required to understand the following items which were clarified 
in the series of the combustion tests. 

• The optimum limestone injecting method is the injection through the 
over fire air nozzle system after mixing of the limestone with over 
fire air. 

t The S02 removal rate increases with the increment of the over fire 
air flow mixed with the limestone and the NOx value decreases at the 
same time. 

1 There are three important para~eters affecting S02 removal rate: 
the gas temperature, the residence time and the oxygen concentration 
in the reaction zone. 
The S02 removal rate increases with the increment of oxygen content 
in flue gas, and with the increment of the residence time. The lat
ter may be interpreted as meaning a reduction of combustion rate in 
the furnace. 

1 The S02 removal rate increases with the increment of the sulfur 
content in coal. 

As mentioned before, the S02 removal rate is greatly affected by the gas tempera
tures and the residence time in the reaction zone of S02 with liMestone. 

For the reasons mentioned above, it is most important to evaluate the relation 
between the gas temperature (or the flame temperature) and the residence time in 
the test furnace and/or an actual boiler for predicting the S02 reduction by the 
furnace limestone injection. 

Fig. 9-1 shows the relation between the gas temperatures and the residence time at 
a full load of the actual pulverized-coal-fired boiler which was designed for 
bituminous coal. Here, the gas temperatures show the design values, calculated 
from the heat balance of the boiler. 
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And also, Fig. 9-2 shows the relation between the gas temperatures and the resi
dence time at the 120 percent load with the PM burner used in the 4 ton/hour 
pulverized-coal fired test furnace. Here, the gas temperatures were measured by 
optical pyro~eter for the combustion zone and by thermo-couple for the rear path 
zone. 

Since Fig. 9-1 and Fig. 9-2 show good coincidences of the relations of gas tempera
tures and the residence time in the test furnace and the actual boiler, it would be 
considered that the 502 removal rate at full load of the actual pulverized coal 
fired boiler designed for bituminous coal coincides with the S02 removal rate at 
120 percent load in the test furnace which is shown in Fig. 5-2. 

Moreover, if the combustion rate and/or the heat release rate is lower as in the 
lignite fired boiler, the S02 removal rate is higher than that with the typical 
steaming-coal fired boiler. 

Although no consideration is given to the m1x1ng performance of limestone with flue 
gases, this is a very important factor in predicting the 502 removal rate in an 
actual pulverized-coal fired boiler. 

A soecial consideration should be given to the mixing of limestone with the flue 
gas in an actual boiler furnace. 

CONCLUSIONS 

In a series of furnace limestone injection tests conducted at the MHI's 4 ton/hour 
test furnace with the pulverized-coal fired low-NOx PM burner, it has been shown 
that 30 to 40 percent reduction of S02 at the Ca/S ~olar ratio of 2:1 is possible 
while maintaining 1ow-NOx combustion conditions. The opti~um limestone injection 
location was through the overfire air ports located away froM the main combustion 
zone. These results suggest that the limestone injection process can be decoupled 
from burner cesign and operation. Nevertheless, it appears that furnace limestone 
injection and low-NOx combustion are compatible with each other for providing 
simultaneous NOx and 502 removal. 

These results can be used along with considerations of the design and operating 
conditions of the actual boiler in predicting the performance of limestone injec
tion at full-scale. 

The writers would feel greatly rewarded for their efforts if this paper should 
present a clue to the pollution control of pulverized-coal fired boilers. 
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ABSTRACT 

PERFORMANCE OF SORBENTS WITH AND WITHOUT ADDITIVES, 
INJECTED INTO A SMALL INNOVATIVE FURNACE 

S. L. Rakes 
U.S. Environmental Protection Agency 
Office of Research and Development 

Industrial Environmental Research Laboratory 
Research Triangle Park, NC 27711 

G. T. Joseph and J. M. Lorrain* 
Northrop Servicesp Inc. 

Research Triangle Park, NC 27709 

The Environmental Protection Agency (EPA) Innovative Furnace was used to develop 
infonTlation on the perfonnance of sulfur sorbents with and without additives. 
The sorbents were injected at two points in a furnace using a 1ow-NOx type burner 
fired at a 14 kW thennal input rate on coal or liquefied petroleum gas (LPG) pro
pane. The sorbents, a calcitic limestone (Vicron), a pressure-hydrated dolomite, 
and pure calcium hydroxide [Ca(OH)2], were tested at Ca/S ratios of 1 and 2. The 
additives, NaHC03 and Na2C03, mixed with the sorbent, were tested at 5 weight 
percent of the sorbent. Sodium carbonate (Na2C03) appears to be an effective 
additive, giving increases in sulfur reduction of 6 to 12 percentage points, de
pending upon the amount of additive, the sorbent, and injection location. 

INTRODUCTION 

For the limestone injection multistage burner (LIMB) program to achieve complete 
success, sulfur capture greater than that exhibited to date by limestone alone 
must be achieved. This project was undertaken to determine the effects of addi
tives on the utilization or sulfur capture perfonnance of several sorbents. The 
additives tested were those found most effective in bench-scale tests and with 
high potential for commercial use; i.e., not toxic and relatively low in cost. 
The sorbents used were chosen to represent sorbent ~pes being considered; i.e., 
calcium carbonate (Vicron), calcium hydroxide, and hydrated dolomite (Genstar). 
Vicron performance has been well characterized by previous LIMB work. The coal 
used is one on which an extensive data base exists and which has been used by 
several investigators. 

This is a status report on the first of a series of investigations. 

* Now with Acurex Corporation, Energy and Environmental Division, Southeast 
Regional Office, Research Triangle Park, NC 27709 
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DISCUSSION OF PROJECT 

EPA Innovative Furnace 

The EPA innovative furnace is a modified copy of a furnace built by Energy and 
Environmental Research Corporation (EERC). The unit is a 6-in. (155-mm) internal 
diameter down-fired unit. Three burner configurations may be used: an axial
fired, a radial-fired, and a premix configuration with provision for tangential 
or swirl air. Each of the three configurations may employ the distributed-mixing 
burner concept. In the premixed burner, this is accomplished by mixing less than 
the total air in the burner and adding the remainder of the air after the burner. 

The firing rate of the furnace is adjustable with a nominal rating of 100,000 
Btu/hr (29.6 kW) or about 3.2 kg coal/hr. Stable operation at a rate of about 
1 .4 kg coal/hr (42,000 to 50,000 Btu/hr) is a normal mode for testing. The unit 
may be fired on either propane or coal. Normal practice is to fire the unit on 
propane, unattended, over weekends, Friday afternoon to Monday morning, and over
night, 5:30 p.m. to 8:00 a.m. This allows thermal stabilization of the unit and 
avoids shock to the refractory by maintaining the unit at the testing temperature. 

The unit is of conventional construction with rolled steel rings 30 in. (762 mm) 
in diameter and 1 ft (300 nm), 1.5 ft (450 rrm), or 2 ft (600 nm) high. The steel 
rings are insulated by four courses of refractory beginning on the outside with a 
good insulating, low strength castable block mix refractory, progressing inward 
with castable insulation, following with Castolite 30,* and ending on the inside 
with a high strength, erosion resistant "hard face 11 refractory such as Green Cast 
97. After casting the refractory into the steel rings, the rings are "stacked" 
using a gasket made of Kaowool or similar material on the outer periphery. A 
small amount of uncured refractory is applied around the matching faces of the 
inner central passage to prevent gas migration to the outer steel shell. Both 
the gasket and the uncured inner seal material are formed and spread by the~ 
weight of the ring and the clamping force of the bolted ring flanges, thus en
suring a good seal at each joint. The joint surfaces of the combustion passage 
are "faired in" and troweled to give a reasonably smooth and uniform combustion 
passage. 

Inspection or view ports are provided, one a 2-in. {52-nm) circular port at about 
7-1/2 in. (190 nm) from the burner tip, and a rectangular port 6 in. x 4 in. 
(155 mm x 100 mm), centered 23 in. (585 mm) below the burner tip. Nine thermo
couples, embedded in the refractory approximately 1/2-in. (12 mm) from the com
bustion gas central passage, are spaced over the 11-ft (30.48-cm) long furnace 
section. There are nine ports, approximately opposite the thermocouple loca
tions, that are usable for either sampling or injection. Three larger rectangu
lar ports are available for the insertion of chokes and cooling coils to "stage" 
the combustion or divide the furnace into two or three zones with varied stoichio
metry; the first is usually a "fuel-rich" or "reducing" zone, and the last, an 
air-rich or burnout zone. The final furnace section contains cooling water coils 
to quench any reactions before the sample is extracted for the continuous moni
tors. See Figure 1 for diagram. 

"' Solid fuel, such as coal, is metered from a K-Tron loss-in-weight feeder. A 
similar feeder, but suited to delivery of a smaller amount, meters the sorbent, 
such as limestone or lime. The sorbent material is aspirated and transported by 
air and injected into the furnace through a water-cooled probe. 

(*) Mention of trade names or commercial products does not constitute 
endorsement or recommendation for use by the U.S. EPA. 
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Operating conditions and emissions are monitored using the following instruments: 

Digistrip III~ Data Logger 
Continuous Monitors: 

CO Beckman Model 864 Infrared 
C02 Beckman Model 864 Infrared 
02 Beckman Model 755 
S02 Anacon Model 207 u.v. 
NO, N02, NOx Thermoelectron Model lOAR 
HC Beckman Model 402 

Thermocouples, both B&K types, embedded or sealed 
in the refractory. 

In addition, gas temperatures are measured using suction pyrometry with stabi-
1 ized run conditions equal to those in the tests. No significant temperature 
profile difference was found between gas firing and coal firing at equal heat 
input rates, based on fuel heating value and excess air conditions. The actual 
gas temperatures for different positions at the test conditions are thus estab-
1 ished, and no conversion from the thermocouple temperature to the gas tempera
ture is required. The relationship between thermocouple temperature, at a given 
point under known conditions, and the gas temperature is known from the previous 
suction pyrometry work. Periodically, suction pyrometry tests are performed dur
ing emission testing to confinn the gas temperatures found in earlier suction 
pyrometry testing. 

T~e S02 readings and NOx readings from the continuous monitors are compared with 
those from EPA Methods 6 and 7 (wet chemistry). It would appear from preliminary 
results that the S02 readings are within 10 percent of the values of EPA Method 6, 
but that the NOx readings are more than 10 percent from the values of EPA Method 
7. This is being investigated further. Some difficulty (leaking glass-to-glass 
seal on the impinger vials) was encountered in collecting Method 7 samples. 

There is a provision to inject pure S02 into the propane immediately before the 
burner to give a sulfur input equal to that when coal is fired. The S02 is 
metered into the fuel gas through a rotameter, and the S02 measured in the stack 
is compared to the level computed from fuel analysis and measured input of the 
fuel and air. 

Material Description 

The LPG propane used is supplied by FCX, a farmers cooperative. Past experience 
indicated that some variance in composition from one tank fill to the other was 
possible. This variance, if present, did not manifest itself as changes in the 
furnace conditions. 

The Vicron limestone is a material designated as 45-3, in reference to the nomi
nal particle size range of the cut or fraction used. When tested, 99.2 percent 
passed through a 60-mesh sieve. This material has been used and reported in a 
number of sorbent tests by Energy and Environmental Research Corporation, Acurex 
Corporation, and Southern Research Institute. This particular batch was obtained 
from Acurex Corporation in 1982. 

The material referred to as "Genstar Henderson" is MgO·CaO pressure-hydrated to 
Mg(OH)2·ca(OH) 2 from the Henderson, Nevada, Plant of the Genstar Corporation. It 
is a commercial product. Sieve testing gave 97.1 percent passing through a 30-
mesh screen and 66.3 percent passing through a 60-mesh screen. 
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The calcium hydroxide is a technical grade laboratory supply item, Fisher number 
C-88. No special storage precautions, other than closing the bag after removing 
the test charge, were used. The sieve test showed 99.5 percent passing through 
a 60-mesh sieve. 

The sodium bicarbonate used is a laboratory reagent grade, Fisher number S-233. 
In a sieve test, 99.7 percent passed through a 60-mesh sieve. 

The sodium carbonate used is a laboratory reagent grade, Fisher number S-263. In 
a sieve test, 100 percent passed through a 30-mesh sieve and 26.3 percent passed 
through a 60-mesh sieve. 

The coal used, a Pittsburgh number 8 seam coal, was obtained from Acurex Corpor
ation in July 1983. The Commercial Testing and Engineering (CTE) analysis fur
nished with the coal was confirmed by an analysis performed by Pennsylvania Elec
tric Company (PENELEC) in November 1983. PENELEC analyzed three composite samples 
submitted from the coal shipped to EPA, Research Triangle Park, NC, from Acurex 
Corporation. The coal is stored in 50-lb (22.7 kg) bags in an unheated, enclosed 
storage building. Table 1 presents a summary of coal analyses on an as-received 
basis. 

PROCEDURES 

A standardized test plan for the evaluation of sorbents and sorbent/additive mix
tures was followed. The plan called for holding the furnace firing conditions 
constant while varying the sorbent feed rate, sorbent injection point, and the 
fuel/sulfur type {propane or C3H9/SOz, Pittsburgh number 8 coal). A test matr1x 
was devised such that the three sorbents, with and without each of the two addi
tives, would be evaluated under similar conditions according to the standardized 
test plan. Figure 2 illustrates the test matrix used in this study. 

Pretest Preparations 

Before testing a new sorbent, procedures to ensure correct feeding were performed. 
The feed rates required to obtain Ca/S ratios of l and 2 in the combustion zone 
were calculated from the chemical analysis of the sorbent. The sorbent feeder 
was recalibrated for each sorbent of different bulk density. If the new sorbent 
material contained an additive, the sorbent and additive were thoroughly mixed in 
the turbo-tumbler for 30 minutes. 

Routine Testing 

Throughout the study, the furnace firing conditions were held constant. The fir
ing rate was 47 ,300 Btu/hr {14 kW), the air stoichiometric ratio (S.R.) was 
1.25, and the combustion air was preheated to 250°F (121°C). 

The testing of a sorbent or sorbent/additive mixture was divided into two 1-day 
test periods. On one day~ the sorbent material was injected with the fuel 
through the burner. On the other day, the sorbent material was injected through 
a water-cooled probe 32 in. (0.8 m} below the burner. The testing routine given 
below was followed at each sorbent injection point. 

1. Switch from propane (C3Ha) to Pittsburgh number 8 fuel, and adjust air 
supplies to maintain an air S.R. = 1.25. 

13-4 



2. Insert the sorbent injection probe (if necessary). 

3. Calibrate the continuous emission monitors. 

4. Ensure stable baseline combustion conditions. 

5. Perform a minimum of two sorbent injections at a Ca/S ratio= 1, gather
ing [S02] reduction data. 

6. Perform a minimum of two sorbent injections at a Ca/S ratio = 2, gather
ing [S02] reduction data. 

7. Switch from Pittsburgh number 8 coal to C3Ha fuel, and adjust air 
supplies to maintain an S.R. = 1.25. 

8. Ensure proper combustion conditions (without S02 doping). 

9. Meter SD2 into the C3Ha fuel to provide sulfur loading equivalent to the 
sulfur content of Pittsburgh number 8 coal. 

10. Allow ~02 concentration in flue gas to stabilize. 

11. Perform a minimum of two sorbent injections at a Ca/S ratio = l, gather
ing [S02] reduction data. 

12. Perform a minimum of two sorbent injections at a·ca/S ratio= 2, gather
ing [S02] reduction data. 

13. Check the zero and span of the continuous monitors. 

14. Shut off S02 supply; purge lines. 

15. Remove sorbent injection prcbe (if necessary). 

16. Reset combustion air supplies for overnight operation. 

Data Collection and Reduction 

A Digistrip III data logger was used to collect experimental data from the contin
uous emission monitors and the thermocouples. The data logger was programmed to 
report instantaneous and 2-minute averages of flue gas concentrations. In addi
tion to the data logger, strip chart recorders were used as a visual aid to the 
operator to ensure stable furnace conditions. 

The baseline [S02] was taken as a 2-minute average when the strip chart recorder 
indicated relatively stable conditions. The sorbent feeder was started exactly on 
the data gathering interval. The reduced [S02J was taken as the first stable 2-
minute average after the initiation of sorbent injection. The sorbent injection 
intervals were as brief as possible to avoid possible effects from sorbent build
up on the furnace wall. To ensure the elimination of a possible bias due to wall 
effects, the [S02] was required to return to baseline conditions within 10 minutes 
of the cessation of sorbent feeding for the data to be considered valid. The aver
age response time of the S02 analyzer is about 2 minutes. 
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In order to correct for slight variations in furnace conditions, all [S02]'s were 
corrected to zero percent Oz conditions by Eq. (1). 

[S02] = [S02] 21 ( 1) 
O't 02 obs 

obs 

The corrected [S02]'s and the Ca/S (mol/mol) ratio are then used to determine the 
percent Ca utilization by Eq. (2). 

% Ca utilization= [S02] -[S02] (2) 
baseline, 0% 02 reduced, 0% 02 

[S02] 
baseline, 0% 02 

(Ca/S) 

Figure 3 is a reproduction of a typical strip chart trace of [SOz] through two 
sorbent injections. The figure is only for illustrative purposes since experi
mental data is gathered digitally by the data logger; however, the trace provides 
a guide to the eye and an indication of equipment perfonnance. 

In this case the sorbent utilization is approximately 15 percent since the~ [S02] 
is approximately 30 percent and the Ca/S ratio is 2. 

Results 

Figure 4 illustrates the average performance of each of the three sorbents with 
no additives at two injection locations while burning coal. Figure 5 shows the 
relative performance of Vicron injected 32 in. (0.8 m) below the burner while 
firing with C3Ha and coal with and without additives. Figure 6 shows the rela
tive performance of Genstar-Henderson injected 32 in. (0.8 m) below the burner 
while firing with C3Ha arid coal with and without additives. Figure 7 shows the 
relative performance of calcium hydroxide injected 32 in. (0.8 m) below the burn
er while firing with C3Ha and coal with and without additives. 

Each bar of the figures represents a minimum of four data points: two utiliza
tions determined at a Ca/S of l, and two at Ca/S of 2. Most bars represent six 
or eight data points. The utilizations computed in Eqs. (1) and (2) are aver
aged for the graphs. Results of sorbent/additive mixture injection through the 
burner are not presented because they are still under study. 

Discussion of Data 

Figure 4 shows the performance of the three sorbents, with no additives, at two 
injection locations while burning coal. When injected through the burner, the 
Vicron was only 2 percentage points below the perfonnance when injected 32 in. 
(0.8 m) below the burner at a more favorable temperature window. The lower in
jection point put the material in at a gas temperature of about 2200 to 2300°F 
(1204 to 1260°C}. 

The hydroxide and di-hydrate showed a greater increase in utilization percentage 
when moved to the downsteam injection location. 

13-6 



The Vicron material, shown in Figure 5, exhibited little change from gas to coal 
firing when no additive was used. The effect of the carbonate additive with the 
Vicron was very pronounced in gas firing, increasing the utilization from 15 per
cent to over 28 percent. The effect of the carbonate additive was much less when 
used with coal firing. It gave only an increase from just under 14 percent to 
just under 21 percent in the coal-fired case. The bicarbonate showed some ~e
duction in effectiveness going from gas to coal firing. 

From the above, one could say that, whatever the capture process is for Vicron 
alone, it is not significantly sensitive to coal ash interactions. However, 
when an effective additive such as the sodium carbonate is used, the capture 
process becomes more sensitive to coal/ash interaction. · 

With the above in mind, one turns to the Genstar, Figure 6. This material is a 
pressure-hydrated di-hydrate of the approximate formula Ca(OH)z·Mg(OH) 2. Here 
the pattern is reversed. That is, the Genstar shows better ut1lization under 
coal-firing conditions than under gas-firing conditions, both with and without 
the additives, sodium carbonate and sodium bicarbonate. Unlike the previous case, 
here the bicarbonate is the more effective additive. 

One could ~ake the conjecture that coal/ash interactions help the sulfur capture 
process in a di-hydrate addition and that less improvement (in percentage points 
of utilization) is possible through the use of additives with a di-hydrate com
pared to the improvement possible with a limestone. 

Figure 7 shows that a pure (technical grade) calcium hydroxide shows little 
change from gas to coal firing in the percentage utilization either with or with
out additives. Sodium carbonate is the more effective additive giving about 10 
percentage points improvement under coal-fired conditions versus only about 3 
percentage points for the bicarbonate. From the above, one can say that the 
sulfur capture process for the hydroxide case is not greatly affected by the 
coal/ash interactions, either with or without additives. 

CONCL:.JSIONS 

For Vicron limestone, calcium hydroxide, or dolomite di-hydrate, the better in
jection point is below or past the burner rather than through the burner for 
coal firing. 

The sodium additives, sodium bicarbonate and sodium carbonate, provide an en
hancement of calcium utilization and sulfur capture when used at a level of 5 
weight percent of the sorbent with any of the calcium sorbents named above. 

The di-hydrate material (Genstar Henderson) gave better utilization with coal 
firing than gas firing, both with and without additives. 
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AFTER ADDITION OF 
NEW SECTIONS 

FUEL 
(SOR BENT) 

THERMOCOUPLES 

--+--15" 

--+--28" 

---41" 

--'--56" 
---61" 

~-80" 

---98" 

---115" 

136" 

AIR 

BURNER 

17" 

29" 

SAMPLE 
PORTS 

.-~~-,~ __ SOR BENT 
INJECTION 

41., 

57" 

66" 

80" 

100" 

116" 

136" 

WATER 
COOL 

Figure 1. Diagram of LIMB furnace showing locations of 
Type B thermocouples, sampling ports, and sorbent injections. 
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Vicron-45 Gens tar-Henderson Calcium Hydroxide 
No 5% 5% No 5% 5% No 5% 5% 

Additive NaHC01 Na?C01 Additive NaHC01 Na?C01 Additive NaHC01 Na?C03 

Inject 
at 

Burner 
Coal 

Inject 
Below 
Burner 

Inject 
at 

Burner 
C3Ha 

Inject 
Below 
Burner 

Figure 2. Experimental test matrix. 
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Anal~sis 

Moisture (%) 

Ash (%) 

Volatile ( 't) 

Fixed Carbon (%) 

Pyritic Sulfur(%) 

Total Sulfur (%) 

Btu/lb 

MJ/kg 

Table 1 

PITTSBURGH #8 COAL ANALYSIS SUMMARY 
ON AN AS-RECEIVED BASIS 

December 
1983 November 1983 

CTE PENELEC PENELEC 

1.92 1.42 1.36 

7.53 7 .50 7.52 

36. 73 37.31 37.21 

53.82 53. 77 53.91 

0.85 0.38 0.40 

2.58 2.62 2,60 

13,746 l3 ,490 13,478 

32 31 31 
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Average of 
Three 

PENELEC PENELEC 

1.38 l.39 

7.50 7.51 

37. 16 37.23 

53.96 53.88 

0.39 0.39 

2.58 2.60 

13,500 13,489 

31 31 
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ABSTRACT 

PILOT-SCALE CHARACTERIZATION OF A 
DRY CALCIUM-BASED SORBENT S02 CONTROL TECHNIQUE 

COMBINED WITH A LOW-NOx TANGENTIALLY FIRED SYSTEM 

John Kelly, Shigeto Ohmine,* Richard Martint 
Acurex Corporation 

555 Clyde Avenue 
P.O. Box 7555 

Mountain View, California 94039 
and 

Dennis C. Orehmel 
Industrial Environmental Research Laboratory-RTP 

U.S. Environmental Protection Agency 
Research Triangle Park, North Carolina 27711 

A 380-kWt (1.3 million Btu/hr) two-burner-level tangentially fired pilot-scale 
facility was used to characterize a dry calcium-based sorbent S02 capture technique 
combined with an offset auxiliary air low-NOx burner with and without overfire air. 
Baseline tests using a conventional burner design, with and without overfire air, 
showed that the facility properly simulates full-scale uncontrolled and controlled 
NO emissions and furnace temperature histories. so2 test results with dry sorbent 
injection and the conventional burner were consistent in level and trend with 
limited field data. Efficiency, as determined by carbon monoxide, unburned 
hydrocarbon, and carbon in flyash levels, was good for all test conditions and 
consistent with field practice. 

Ory sorbent so2 test results showed that so2 capture is increased by: (1) utilizing 
conventional rapid fuel/air mixing burners, (2) injecting sorbent away from the 
flame (i.e., not mixing sorbent with the fuel), (3) avoiding contact between ash and 
sorbent, and (4) holding sorbent in the sulfation temperature zone (i.e., 1,505 
to 1,255K) as long as possible. In addition, fuel and sorbent type had a 
significant impact on so2 capture. 

INTRODUCTION 

Coal-fired tangential boilers produce 35 percent of the NOx and consume, in Stu's, 
45 percent of the fuel used in all coal-fired utility boilers (Reference 1). Since 
almost all of the sulfur contained in the coal appears in the flue gas as an oxide, 
the significant coal fuel usage of tangential boilers also makes them an important 
source of SOx emissions. 

*Presently affiliated with Imai Marketing, Inc., Sunnyvale, California 

tPresently at the University of California, Berkeley, California 
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The significant contribution of coal-fired tangential boilers to national NOx and 
SOx emissions and the expected future increase in the number of these· boilers make 
them candidates for emission control development. Demonstrating cost-effective NOx 
and SOx reduction technology for these boilers will provide regulatory agencies with 
additional emissions control options which could be exercised in the future to 
prevent environmental degradation. 

A pilot-scale low-NOx tangential burner, which incorporates auxiliary air angle 
offset relative to the primary fuel jets, has been tested; it shows significant 
promise in controlling NOx below current levels. Tests in the EPA pilot-scale test 
facility have shown the potential of achieving NOx emissions in the range of 90 to 
130 ng N02 per J (0.2 to 0.3 lb N02 per million Btu) (Reference 2). This low-NOx 
system has gas temperature and oxygen concentration histories which could benefit 
the dry sorbent S02 capture relative to conventional burners (Reference 3). With 
the low-NOx burner. heat release is spread out in the furnace, thereby lowering peak 
temperatures; in conventional burner systems. high peak temperatures can possibly 
deactivate sorbent. Also, oxygen deficient zones are present in the low-NOx system. 
In these zones, the sorbent could possibly capture sulfur as a sulfide rather than a 
sulfate. Sulfide capture could have reaction rate and product vol~me advantages 
over sulfate capture, which is the typical mode of capture in conventional burner 
systems. 

Given the potential for good NOx and S02 control, low-NOx burner dry sorbent 
injection tests were performed to determine: (1) the feasibility of the low-NOx 
burner to achieve high S02 capture through dry sorbent injection. (2) the influence 
of the injection system and combustor design variables on so2 control, and (3) the 
S02 emission performance of several fuels and sorbents. 

Description of Conventional Coal-Fired Tangential Systems 

Figure 1 illustrates the main features and flow patterns of a tangentially fired 
boiler. Fuel and air flow into the furnace through rectangular registers located in 
the four corners of the unit. As shown in Figure 1, the burner consists of a 
primary air register which introduces the fuel and a small fraction of the 
combustion air into the furnace. Surrounding the primary register is the annular 
air register, which contains a fraction of the secondary combustion air. The 
auxiliary air registers, above and below the primary and annular registers, contain 
the bulk of the secondary combustion air flow. The jets are inherently nonswirling 
and fuel/air mixing is slow, relative to front-wall-fired boilers. 

The tangential alignrrent of the centerlines of the corner jets to the circumference 
of a circle in the center of the furnace promotes the formation of a large-scale 
vortex within the furnace. Ignition of the fuel is provided by impingerrent of hot 
burnt gases from laterally adjacent burners and large-scale internal recirculation 
of combusted gases. Because ignition occurs primarily on the vortex core side of 
the fuel jet {see Figure 1), combustion is asymmetric in the near-burner horizontal 
plane. 

Pilot-Scale Development of a Low-NOx Tangential System 

Figure 2 presents a top and side view schematic of the low-NOx system as installed 
in the EPA pilot-scale test facility (Reference 2). In this schematic, fuel-rich 
and fuel-lean zones in the firebox are identified. The major system features are: 
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(1) fuel directed at the conventional burner yaw angle* into the center of the 
furnace, (2) some secondary air introduced at the same yaw angle as the fuel, in an 
annular space surrounding the fuel jet, and (3) the rest of the secondary air 
directed along the wall at and above the fuel jet elevation. During operation, coal 
and primary air are injected into the furnace at roughly a 0° to 8° yaw angle with 
respect to the firebox diagonal. The primary air flow represents about 15 percent 
of the total combustion air. Surrounding the primary fuel jet is an annular passage 
in which some of the secondary combustion air is flowing. 

The fuel jet initially burns on the jet boundaries in a diffusion flame manner. 
Since most of the fuel nitrogen evolves inside the oxygen-deficient jet, the initial 
NOx formation is limited for the slow-mix diffusion burning of the jet. 

As previously shown in Figure 2, a fraction of the combustion air is directed along 
the furnace walls. Since the wall air yaw angle is large (approximatey 45° for a 
square firebox), the wall air contributes significantly to the vortex swirl level. 
Because the wall jet places the air in a relatively aerodynamically quiescent region 
along the wall, it remains separate from the fuel in the center of the furnace for a 
longer period of tirre than if it was injected at sorre positive angle away from the 
furnace wall. In addition to large wall-air yaw angles, intermediate yaw angles 
have been tested which exhibit NOx reduction benefits. 

When the wall jets contain a significant fraction of the air flow needed to complete 
combustion, the center of the furnace at the fuel entry elevation operates with a 
deficiency of oxygen. Under these conditions, NOx {previously formed during the 
initial diffusion burning) and any remaining fuel nitrogen evolved in the center of 
the furnace are decayed to molecular nitrogen by homogeneous and heterogeneous 
chemical processes. Since molecular nitrogen is relatively unreactive for NOx 
formation in the fuel burnout zone, the decay processes in the center of the furnace 
produce low-NOx levels in the stack. Eventually, the air directed along the furnace 
walls mixes with the oxygen-deficient vortex core gases and char, completing 
Cof'lbustion. 

Besides limiting NOx production to the range 90 to 130 ng N02 per J (0.2 to 0.3 lb 
per million Btu), directing a fraction of the combustion air along the furnace walls 
maintains the walls under oxidizing conditions. This eliminates degradation of the 
metallic furnace surface by reducing gases. In addition, the iron in the ash 
deposits will be maintained in the ferric rather than ferrous form, thereby raising 
the ash fusion temperature and reducing the wall slagging potential. 

PILOT-SCALE TEST FACILITY 

The pilot-scale facility and instrumentation used in the combined low-NO~/SOx test 
program is a modification of the EPA multifuel furnace pilot-scale facility used on 
the prior EPA-sponsored coal-fired tangential system NOx emissions control program 
(Reference 2). The facility was modified extensively to upgrade the modeling of 
full-scale multiple-burner-level tangential systems and thermal profile effects. 
These modifications were necessary to properly simulate NOx emissions and dry 
sorbent so2 control of modern large-scale multiple-burner tangential systems 
modified for NOx and so2 control. 

The pilot-scale facility geometry used on this program is an approximate 1 to 14 
scaling of an existing, modern-design Combustion Engineering tangentially fired 

*Yaw angle is defined as the angle the burner port centerline makes with the 
firebox diagonal. A typical yaw angle is 6° off the firebox diagonal. 
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boiler. The overall external height of the furnace is approximately 3.7 m (12 ft) 
and it is capable of firing coal or gas at rates up to 587 kWt (2 million Btu/hr). 

The main firebox, or radiant section, is a refractory-lined chamber with a 
rectangular 1 m by 1.1 m (38 in. by 44 in.) cross section. Two levels of burners 
are situated at each corner. Each burner set includes primary air, annular air, ~nd 
auxiliary air ports. Overfire air ports are also installed above the pair of 
burners at each corner. The primary air and annular air jets have a small degree of 
firing angle variability -- up to 8° from the firebox diagonal. All other air jets 
can be directed at angles from 6° to 37° away from the diagonal. Three nominal 
angles for the auxiliary jets, denoted conventional, intermediate. and air-on-wall, 
are 6°, 21°, and 37° away from the firebox diagonal. respectively. Auxiliary and 
overfire air jet velocity can be varied independently of air flowrate through the 
burners. Three sizes of auxiliary and overfire air ports can be interchanged to 
achieve major variations in combustion air velocity. Overfire air ports are located 
0.38 m (15 in.) above the burner centerline. 

Volumetric heat release and gas residence time in the radiant section are closely 
approximated between pilot and full sea le. Rea 1 is tic furnace-exit gas tempera tu res 
are achieved by low heat loss refractory linings in the main firebox and ash pit. 

The facility is fully instrumented with continuous monitors to measure stack NO, 
S02, UHC, CO, C02. and 02 gaseous concentrations, and thermocouples are placed at 
various locations throughout the furnace to monitor furnace wall and gas 
temperatures. In addition, suction pyrometers and gaseous and solid sampling probes 
can be inserted into the furnace at various locations in the radiant and convective 
sections to monitor in situ gas temperatures and gas and solid compositions. 

S02 REDUCTION TEST RESULTS AND DISCUSSION 

The goa 1 of these tests was to characterize the effect of major parameters 
influencing dry sorbent injection so2 reduction in the tangentially fired system. 
Emphasis was placed on testing under the low-NOx firing condition (auxiliary air 
angle at air-on-wall) to investigate the effectiveness of simultaneous N0x/S02 
control. 

The major sorbent injection parameters studied in these tests included sorbent 
injection method and location, convective heat exchanger tube arrangement, 1 oad, 
excess air, flue gas recirculation (FGR), fuel type, and sorbent type. During the 
tests, medium velocity air jets were utilized and sorbent transport air flow was 
fixed at 22.7 kg/hr (50 lb/hr). All Ca/S ratios reported do not include the 
inherent calcium present in the coal. 

~ 

Baseline S02 Reduction Test Results Summary 

The objective of these tests was to determine if the conventional burner pilot-scale 
S02 reduction results were comparable in level and trend with past studies. The 
tests consisted of varying the major dry sorbent injection parameters, observing 
their trends and effects, and then, where appropriate, comparing them with past 
studies. All of the baseline S02 reduction tests were carried out with a 
conventional burner design in which the auxiliary air offset angle is equal to the 
fuel jet angle. The parameters investigated included calcium-to-sulfur ratio, 
excess air, load, sorbent injection location, sorbent type, and coal type. Coal 
properties and sorbent chemical compositions and sizes are given in Tables 1 and 2. 
respectively. 
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The test results for these parameters showed that the baseline so2 reduction trends 
were generally consistent with previous results. Also, based on comparisons with 
limited field data, the pilot-scale results reflect field experience. This 
coriparison is encouraging evidence that the pilot-scale facility so2 reduction 
results can be used as a guide in assessing how S02 reduction performance would vary 
with design or operating conditions in a full-scale furnace. 

In addition to S02 comparisons, controlled and uncontrolled NO emissions and 
temperature histories compared favorably with field levels. Efficiency, as 
determined by carbon monoxide, unburned hydrocarbon, and carbon in flyash levels, 
was good for all test conditions and consistent with field practice. 

Conventional and Low-NOx/SOz Reduction Test Results 

The objective of these tests was to determine the impact of major NOx-reduction 
methods (i.e., offset auxiliary air and overtire air) on the dry sorbent injection 
S02 reduction process. Various combinations of overfire air and auxiliary air 
offset angle were used in these tests. Overfire air sorbent injection, where 
sorbent was thoroughly mixed with the overfire air prior to injection, was utilized 
in these tests. 

Figure 3 shows that with the conventional burner, overfire air NOx control reduces 
sorbent S02 capture performance over the whole range of Ca/S values tested. As 
indicated on the figure, Illinois coal and El Dorado sorbent were used in these 
tests, and load and excess air were set at nominal values (390 kW and 20 percent, 
respectively). Next to the percent overfire air designation in Figure 3 is a string 
of four numbers separated by slashes which denote the percent of the total 
combustion air flowing in the primary, annular, auxiliary, and overfire air ports, 
respectively. For subsequent figures, these designations will appear in the figure 
conditions table aligned with "air splits." In addition, the string of three 
numbers aligned with "convective" in the conditions table on the figure denot~s the 
nu~ber of coolant loops in, respectively, the first three tube banks in the furnace 
conventive heat exchanger section. Except where noted, these conditions were 
maintained for all of the tests reported. 

The test results in Figure 4 show that offsetting the auxiliary air to intermediate 
and air-on-wall angles with overfire air, further reduces SO? capture relative to 
the conventional burner with overfire air case. From both Figures 3 and 4 it is 
apparent that lowering NOx, through overfire air addition alone and in combination 
with offset auxiliary air, reduces sorbent S02 capture effectiveness. 

The varying levels of so2 reduction are possibly caused by the differences in 
fuel-components-air-sorbent contact (or, in general terms, "mixing"). Mixing 
pattern differences are a direct result of the three different auxiliary air angles 
and overfire air addition. Besides mixing. the different air injection approaches 
alter residence time distribution in the furnace. Additionally, the low-NOx systems 
control NOx by delaying fuel/air mixing and thereby stretching out the furnace heat 
release. The presence of local high-temperature flames in the sorbent injection 
zone could be detrimental to sorbent activity and therefore S02 capture. 

Even though sorbent SOz capture was not optimal with the low-NOx techniques tested, 
the offset auxiliary alr low-NOx burner was utilized on all further sorbent 
injection tests to determine the impact of design and operating parameters on a 
combined NOx and S02 control system. 
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Effect of Sorbent Injection Method and Location 

The objective of this test sequence was to determine the effect of sorbent injection 
method and location on S02 reduction with the offset auxiliary air low-NOx burner. 
Figure 5 shows the effect on SOz reduction of injecting sorbent in the overfire, 
lower auxiliary (bottom), and primary air ports. In these tests, the sorbent was 
thoroughly mixed with the air flow prior to injection through the air ports into the 
furnace. The S02 reduction results show that overfire air sorbent injection 
produced S02 reduction similar to, but slightly better than, lower auxiliary air 
sorbent injection. Primary air injection of sorbent consistently gives the lowest 
S02 reduction levels. With pril"1ary air injection, the sorbent particle is expected 
to be in immediate contact with devolatilizing and burning fuel and therefore may 
deactivate due to high peak temperatures and ash contacting. This may be 
responsible for the lower S02 reduction levels for primary air sorbent injection 
presented in Figure 5. 

S02 reduction results for probe sorbent injection 0.3 m (12 in.) above and 0.2 m 
(8 in.) below the burner zone were also obtained. The sorbent was injected upward 
into the center of the furnace through a 13-mm (1/2-in.) diameter nozzle. The S02 
reduction levels for the t\llo probe injection locations were found to be similar to 
the overfire air and lower auxiliary air port injection test results. Only primary 
air injection of sorbent gave reduced S02 capture. A possible explanation for such 
differences is the sorbent/fuel-components contact. Sorbent injection through 
overfire air, lower auxiliary air, and the water-cooled probe all provide a delay in 
contact of sorbent particles and fuel components. Such mixing is probably 
accomplished downstream of the hot primary combustion zone and outside of the 
flames, where gas temperatures are cooler. Sorbent injection through the primary 
ports should result in the immediate contact of burning fuel and sorbent in the 
high-temperature flarre zones. The proximity of the fuel components (including ash) 
and sorbent, at high temperatures, may result in sorbent deactivation and therefore 
reduced S02 capture levels. 

The similarity of S02 reduction levels (except for sorbent injection through primary 
air) suggests that, regardless of sorbent injection location, the bulk of S02 
capture may be taking place farther downstream in the furnace. If sulfur is being 
captured as S02, equilibrium constraints under typical combustion conditions dictate 
that sorbent/gas temperatures need to be below !,SOOK (2,300°F) for capture to 
occur. This would support the postcombustion zone capture of S02. since radiant 
section gas temperatures are typically above !,SOOK (2,300°F). To approximately 
locate the zones of sulfur/sorbent reaction and test the above postcornbustion zone 
so2 capture speculations, sorbent was injected into the furnace's upper radiant and 
convective sections using a single-point water-cooled injection probe, as in the 
center of the furnace injection tests discussed above. 

Injecting sorbent into the convective section from the radiant section or into the 
convective section counter to the gas flow gave results similar to all injection 
locations, except the primary air injection location and ceiling-down injection 
location. The reason ceiling-down injection of sorbent produces low-S02 reduction 
levels is not understood. It could be speculated that ceiling-down injection 
directs some of the sorbent into flame zones, where deactivation of the sorbent 
occurs. However, no data are available to support this conjecture. 

The similarity of most of these results, for different injection locations, implies 
that stable so2 capture is taking place in the convective section where temperatures 
are below l,533K (2,300°F} and that there is no significant capture occurring in the 
radiant section of the furnace. Even if there is sulfur capture in the radiant 
section, the calcium-sulfur product may be quickly dissociated. 
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All of the previously mentioned S02 reduction test results using the water-cooled 
sorbent injection probe were carried out with a single-point 13-mm (1/2-in.) 
diameter outlet nozzle. The effect of using different nozzle sizes was also 
investigated. These results showed that nozzle size, and thereby nozzle exit 
velocity, had very little effect on so2 reduction. Apparently, in the relatively 
small furnace, sorbent/gas mixing is not a major problem. 

Effect of Furnace Load, Convective Heat Transfer Tube Arrangements, and FGR 

Furnace load, convective heat transfer tube arrangement, and FGR are parameters that 
influence dry sorbent injection by affecting primarily the temperature/residence 
time profile, and mixing patterns in the cases of furnace load and FGR changes, and 
possibly combustion chemistry in the case of FGR. Temperature profiles were 
measured to help explain the effect of FGR and load on sorbent S02 capture. 

The test results in Figure 6 show that lowering load significantly improves S02 
reduction. The improved S02 reduction can be related to a modified thermal history 
as load is reduced. The temperature profiles for normal (390-kWtl and low-load 
(300-kWt) cases are considerably different. In the temperature zone of 1,255 to 
l,SOSK ll,800° to 2,250°F), the norrrial-load case provides approximately 1 sec 
residence time, while the low-load case provides about 4 sec. Such large 
differences in residence time in the sulfation temperature zone may account for the 
significant improvement in S02 reduction as load is reduced. 

The effect of FGR on S02 reduction was determined by pumping filtered flue gas out 
of the baghouse and back into the furnace through the overfire air ports. Despite 
some degree of scatter in the data, the test results in Figure 7 show that the 
addition of FGR improves S02 reduction. This trend was expected because FGR 
addition should cool the combustion products to create a more favorable 
temperature/residence time profile for sorbent-SOz reactions. Testing showed that 
the addition of FGR substantially lowers the entire thermal profile of the furnace, 
leading to the doubling of residence time in the temperature range of 1,355 to 
l,SOSK (1,800° to 2,250°F), compared to the case with no FGR. 

As another check of the effect of temperature history on sorbent capture, three 
different convective heat transfer tube arrangements were tested. By altering just 
the convective tube arrangements, mixing and heat release patterns in the lower 
furnace were not disturbed. Therefore, through this test approach, the significance 
of convective section temperature history on S02 capture could be clearly shown. As 
anticipated, lowering the convective section temperature into the sulfation 
temperature zone (less than 1,505K (2,250°F)) for a significant length of time 
increases S02 capture. Greater than factors of two in capture were observed between 
different heat transfer tube arrangements. These results supported the low load and 
FGR tests and clearly showed the importance of convective section temperature 
history, independent of radiant section conditions. 

To summarize the temperature history results, Figure 8 presents the S02 reduction 
obtained for a given amount of residence time in the temperature range between 
l,255K and l,SOSK (l,800°F and 2,250°F). Temperatures were varied by changes in 
load and convective heat exchange tube arrangements. For nominal conditions of 
Illinois coal, El Dorado sorbent at a Ca/S of 2, probe injection 0.3 m (12 in.) 
above the burners with the baseline low-NOx firing conditions, the 502 trend shows a 
clear increase of capture with increases in residence time in the temperature range 
conducive to sulfate formation. It should be noted that FGR test results are also 
consistent with these trends. This trend with residence time at temperature is 
evident for both El Dorado limestone and dolomite, with medium and coarse dolomite 
showing better capture for equivalent residence time. 
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Effect of Fuel Type 

Four fuels were tested for sulfur capture with El Dorado limestone. Properties of 
these fuels are presented in Table 1. Two noteworthy features about the fuels are 
their inherent levels of sulfur {ranging from 0.6 percent in North Dakota lignite 
and Utah bituminous to 3.7 percent in Illinois bituminous) and their heating values 
(ranging from approxirrately 24.207 J/g (10,407 Btu/lb] for the lignite up to 
29,554 J/g (12,760 Btu/lb] for the bituminous coals). S02 reduction test results 
presented in Figure 9 for the three bituminous coals fired under nominal conditions 
show that high-sulfur Illinois coal gives the highest capture, while the lowest 
capture was obtained with the moderately high-sulfur Indiana coal. Low-sulfur Utah 
coal gave an intermediate level of capture. 

The North Dakota lignite tests were conducted at a reduced load (70 percent of 
nominal) consistent with lignite fuels firing intensity practice. Under these 
conditions, more S02 capture is obtained from Illinois coal (42 percent at Ca/S = 2} 
than from the lignite (32 percent at Ca/S = 2). 

so2 reduction from a "dirty" fuel, Illinois coal, was compared to that of a "clean" 
fuel, natural gas, doped with an equivalent concentration of sulfur in the form of 
hydrogen sulfide (H2S). Compared to the coal, a factor of two greater sulfur 
capture was found for doped gas. It was speculated that either there is some aspect 
of homogeneous gas-phase combustion which enhances S02 reduction or a feature of 
heterogeneous coal combustion which inhibits reduction. 

A set of tests was performed to determine if the mineral matter in coal was 
inhibiting sulfur capture. For these experiments, two mixtures of El Dorado 
limestone and Utah coal ash were prepared and injected into the doped-gas fireball. 

The mixtures were blended to produce flue-gas-ash concentrations which would 
correspond to a high- and a low-ash fuel. At limestone/ash injection rates which 
equated to calcium sulfur ratios of 2.0, th~ low-ash mixture simulated a fuel which 
would be 3 weight percent ash, and the high-ash mixture simulated a 13 percent ash 
fuel. 

In Figure 10, the results of these tests show that, for a calcium/sulfur 
stoichiometry of 2.0, the pure limestone captured 19 percent of the so2, while the 
low- and high-ash blends captured 12 and 8 percent, respectively. These results 
indicate that Utah coal ash has a detrimental effect on limestone/sulfur reactivity. 
It can be speculated that the ash material, through either a gas-to-solid or 
solid-to-solid process, combines with the sorbent to reduce its overall activity for 
sulfur capture. 

Effect of Sorbent Type 

Five sorbents were tested under baseline firing conditions with Illinois coal. 
Properties of these sorbents are presented in Table 2. Test results presented in 
Figure 11 show that sulfur capture varied significantly, from 5 to 29 percent (at 
Ca/S = 2), with the sorbents ranked in order of increasing capture as follows: 
marl, vicron. chalk, El Dorado, and dolomite. 

CONCLUSIONS 

Pilot-scale tests showed that delaying the fuel/air m1x1ng, through OFA and 
offset-auxiliary air with OFA low-NDx approaches, reduces dry sorbent injection S02 
capture effectiveness. 
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Extensive dry sorbent injection tests with the low-NOx offset auxiliary burner 
(i.e., air-on-wall) without OFA showed that: 

• Temperature history, as affected by changes in load, convective tube 
arrangements, and flue gas recirculation, has a very strong impact on 
sorbent SOz capture. Sorbent capture appears to be proportional to 
residence time in the 1,505 to l,255K (2,250°F to l,800°F) temperature 
band. · 

• Adding ash mineral matter to a doped gas flame significantly reduces 
sorbent so2 capture. 

• Injection of sorbent into the primary air port gives consistently lower so2 
reduction, presumably by ash interaction with the sorbent. 

• Sorbent injection at all other locations (lower auxiliary air, OFA, probe 
center injection above and below the burners, and probe-roof convective and 
counter convective), except roof-down probe injection, gave similar and 
better S02 reduction than primary injection. 

• Downward sorbent injection from a probe in the center of the roof gives so2 
reductions similar to primary injection. 

• For the parameter ranges tested, sorbent injection velocity has an 
insignificant effect on S02 reduction in the relatively small scale 
furnace. 

• Fuel and sorbent type have a significant effect on so2 reduction. 

These test results strongly suggest the following path to optimum sorbent so2 
capture: 

• Inject the sorbent downstream in the upper furnace or convective section to 
avoid any sorbent deactivation by either high peak temperatures or by fuel 
a sh. 

t Hold sorbent in the active sulfation temperature zone as long as possible 
through modification of the convective section heat transfer arrangement, 
load or flue gas recirculation. 

• Use sorbents which are resistant to deactivation through ash interaction 
and high temperatures. 
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Table 1 

TEST COAL PROPERTIES 

Utah 
Power & North 

Ultimate Analysis Illinois Light Dakota Indiana 
(as received) Bituminous Bituminous Lignite Bituminous 

c 62 .o 62.5 43.6 70. 7 
H 4.5 4.6 3.0 4.7 
0 7.6 9.8 13.4 8.7 
N 1.0 1.1 0 .1 1. 3 
s 3.7 0.6 0.6 1. 3 
Ash 11.5 18.0 8.8 10.3 
HfO 9.6 3.5 30.6 3.1 

Heating va ue (Btu/lb) 
Dry 12,325 11,516 10,407 12,760 
Wet 11, 138 11, 116 7,222 

Proximate analysis 
(a s re ce i ve d ) 

Vol a tile 36.5 36.9 29.7 34.3 
Fixed carbon 42.4 41. 7 30.9 52.3 

Table 2 

SORBENT CHEMICAL COMPOSITION AND SIZES 

El Dorado Pfizer Vicron (Pfizer) Michigan Kansas 
Li mes tone, Dolomite, Limes tone, Marl, Cha 1 k, 

Sorbent El Dorado, Gibsonburg, Lucerne Valley, Hopkins, Jewell, 
Properties California Ohio Ca 1 ifornia Michi2an Kansas 

CaC03 (%) 98.0 54.3 97.0 92.2 82.8 

MgC0 3 ( i) 0.9 45.3 1.6 6.7 0.9 

Particle 99.8%-325 mesh 99%-325 mesh 99%-325 mesh 99%-325 mesh 
size 

88%-200 mesh 

25%-200 mesh 
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ABSTRACT 

BOILER SIMULATOR STL[)IES ON SORBENT UTILIZATION 
FOR S02 CONTROL 

8. J. Overmoe, S. L. Chen, L. Ho, W. R. Seeker, 
M. P. Heap, and D. w. Pershing 

Energy and Environmental Systems Corporation 
18 Mason 

Irvine, California 92714 

A 300 kW Boiler Simulator Furnace was used to investigate the influence of com
bustion and sorbent parameters on the effectiveness of dry sorbent injection 
for so2 control under conditions typical of current utility practice. Extensive 
characterization studies were conducted to investigate the role of boiler ther
mal history on capture effectiveness for limestones, dolomites, and slaked 
limes. Data were also obtained for high surface area sorbents (produced by 
pressure slaking) and for promoted sorbents (produced by the addition of 
appropriate metallic additives) as a function of thermal environment, sorbent 
injection location, calcium to sulfur IT()lar ratio, and 502 partial pressure. 
In general the results show that captures in excess of 50% at a Ca/S ratio of 
2.0 can be achieved by several alternative methods. The experimental studies 
were supported by theoretical calculations using grain and pore models which 
combined consideration of the heterogeneous chemical reaction and diffusion pro
cesses. 

INTROOUCTION 

Sulfur capture by calcium based sorbent has been the subject of much research 
over the last two decades(l-4). Furnace injection was tried and abandoned 

.because of poor performance which was attributed(!) to a combination of poor 
sulfur capture because of decreased sorbent activity due to dead burning at fur
nace temperatures and inadequate dispersion of the sorbent throughout the com
bustion gases. Interest in the technique was revived when pilot scale studies 
at EER indicated that higher sulfur captures could be achieved under low NOx 
combustion conditions. The need to develop a low cost, retrofittable SOx 
control technology and reduced performance goals have caused additional interest 
in the limestone injection concept. LIM3, Limestone Injection Multistaged 
Burners, was coined to emphasize that simultaneous NOx/SOx control could be 
achieved by using limestone injection in conjunction with a distributed mixing 
burner. 

When the sorbent is initially injected into the high temperature combustion 
zone, calcination occurs and C02 or H20 is evolved according to the following 
reactions: 
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CtC03 CaO{s) + COz(g) 

770 

340 

Ca(OH)z 
CaO(s) + HzOCg) 

370 

In the case of limestones, structural rearrangement takes place as the C02 is 
being evolved because the crystal structure of the carbonate (rhombohedral) dif
fers from that of the oxide (cubic). After the calcination process occurs, 
sites for recrystallization of the oxide are well dispersed so that localized 
crystallites, or grains, are formed with a pore structure between them. Overall 
calcination rates have been well docurrented by Hyatt et al.(5), Borgwardt(6,7), 
and Coutant et al.(2). Particle heat-up appears to occur very rapidly (c.a. 50 
ms) after the particle is mixed with the hot gas stream and, at typical 
industrial corriJustion temperatures, the overall calcination process appears to 
be essentially complete in less than 200 ms. The calcination conditions, par
ticularly temperature and C02 partial pressure, influence the ultimate porosity 
and grain size. Extended exposure to high temperature causes the grains to 
coalesce (sinter} because the highly mobile oxide units quickly fill in the gaps 
where grain boundaries (or contact points) occur. This results in larger 
grains, with lower surface area. 

Once the sorbent particle is calcined to Cao, it can react with the available 
sulfur species to form calcium sulfate. The overall reaction for sulfation is: 

so2 + to2 + Cao = caso4 
but the exact rrechanism for this reaction ls not known. It may involve an ini
tial formation of calcium sulfite or result from'a reaction of sulfate ions 
with Cao. The overall reaction system has been studied extensively by 
Borgwardt(6), Ishihara(8), and others(9,10). 

This paper describes the results from a combined experimental and theoretical 
study to investigate the influence of corrt>ustion and sorbent parameters on the 
effectiveness of dry sorbent injection for 502 control under conditions typical 
of current utility practice. A 300 kW Boiler Simulator Furnace was used to 
investigate the role of boiler thermal history, sorbent injection location, 
calcium to sulfur rocilar ratio, and 502 partial pressure on capture effectiveness 
with limestones, dolomites, and slaked limes with and without metallic promo
ters. The experimental studies were supported by theoretical calculations using 
grain and pore rrodels which considered both the heterogeneous chemical reaction 
and the relevant diffusional processes. 
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EXPERIMENTAL SYSTEMS 

All of the data presented in this paper were obtained with the 300 kW Boiler 
Simulator Furnace (BFS) which is illustrated in Figure l. The facility consists 
of two main sections; a refractory-lined vertical radiant tower 0.56m in 
diameter by 5.8m tall with multiple access ports, and a horizontal convective 
section containing air-cooled heat exchangers. The BSF can be used to simulate 
a wide range of time/temperature profiles by positioning water-cooled panels or 
rods appropriately in the radiant section. 

The facility utilizes a Distributed Mixing Burner (OM3) which down-fires coal or 
natural gas. Two preheated air streams, swirl and axial, are supplied to the 
burner, and four external staging ports located around the burner allow tertiary 
air injection. NOx levels are minimized with the OM3 due to the fuel-rich core 
that ls produced in the flame zone. 

For the natural gas studies, HzS was injected at the burner to simulate the 
sulfur content of coal. All of the sorbents were fed from a calibrated, twin
screw volumetric feeder and injected at the burner with pulverized coal or 
natural gas, or injected downstream at section 6 in the radiant section. 

Exhaust gas samples were withdrawn at sample port 108 (temperature approximately 
1200 K) with a stainless-steel, water-jacketed probe and analyzed using standard 
continuous instrumentation for NO, CO, C02 and 02. S02 samples were pulled 
through the phase discrimination portion of the probe which separated any sor
bent particles from the gas stream. The 502 samples were then carried via a 
heated sample line to a permeation dryer and on to a Dupont non-dispersive 
ultraviolet S02 analyzer. 

l<IDEL DESCRIPTION 

Two sulfur capture models were used for data interpretation and experimental 
planning in this work. Both models assume that the sorbent has been fully 
calcined prior to the onset of the sulfation reactions; the models differ pri
marily in the manner in which they view the internal structure of the calcined 
sorbent particle. The first, a grain model, was developed by G. O. Silcox and 
D. w. Pershing at the University of Utah and is based primarily on the concepts of 
Hartman and Coughlin(ll), Pigford and Sliger(l2), and Hartman and Trnka(l3). 
This model treats the sorbent particle as an agglomeration of tiny, non-porous 
spherical grains separated by voids. Alternatively, the pore model, developed 
by W. Clark and co-workers at EER, treats the sorbent particle as a single unit 
penetrated by cylindrical pores of varying sizes and is based on the work of 
Bhatia and Perlmutter(lO) and others(9,14). 

In both models the sulfation reaction is assurred to occur at the internal sur
face of the particle. As the reaction proceeds the product layer of calcium 
sulfate is formed. For a molecule of S02 to be captured by a sorbent particle 
it must overcome four resistances in series: 

l. Boundary layer diffusion. S02 must diffuse from the free stream 
through the boundary layer around the particle. 

2. Diffusion through macropores. S02 must diffuse through the internal 
particle structure. 

3. Diffusion through the product layer. An S02 species must diffuse 
through the calcium sulfate product layer to reach unreacted Cao. 

4. Surface reaction. The heterogeneous reactions forming Caso4 take 
place at the CaO/Caso4 interface. 
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The governing differential equations were obtained from material balances on the 
particle and gas stream. Both models assume that the intrinsic kinetics of 
caso4 formation are zero order with respect to 502, that the Cao grains react by 
a shrinking core model, and that the MgO grains do not react. The intrinsic 
kinetic and product-layer diffusion rate-constants were obtained by fitting the 
fundamental work of Borgwardt(6) in the manner described by Hartman and Coughlin 
(11). 

SYSTEM OPTIMIZATION 

One phase of the work recently completed on the BSF focused on the influence of 
the boiler design/sorbent injection parameters on overall 502 capture. These 
studies included consideration of overall excess air, burner stoichiometry, 
radiant zone heat removal rate, burner swirl, general sorbent injection location 
(burner versus downstream), importance of sorbent premixing with fuel, and 
impact of low NOx operation. The results of these studies indicated that the 
parameters which were most critical for the optimization of sorbent utilization 
were sorbent injection location and the time/temperature history between injec
tion and 1200 K. These effects are discussed in detail in the following 
sections. 

SORBENT INJECTION LOCATION 

Figure 2 summa:izes results obtained on the impact of sorbent injection location 
with a typical limestone and slaked lime. These data indicate that the 502 
capture increased approximately linearly with increasing calcium to sulfur 
ratio, and higher capture was achieved with downstream injection at approxima
tely 1500 K (2250"F) for both sorbents. These results agree well with the early 
work of Coutant et al.(15) who reported an optimum injection temperature of 1475 
K. Figure 2 indicates that the slaked lime was more sensitive to injection 
location than the limestone, and that is typical of results with other calcium 
hydroxide materials. The desirability of downstream injection shown in Figure 2 
is typical of the trends obtained with a wide variety of other sorbents with 
both gas-and coal-firing under both favorable and highly quenched thermal con
ditions. 

Figure 3 illustrates the impact of varying the sorbent injection location on the 
key parameters controlling 502 capture. The top half of this figure shows the 
gas temperature measured during the experiments reported in Figure 2 as a func
tion of residence time. These temperature measurements were obtained with a 
suction pyrometer and indicate that sorbent particles injected in the burner 
zone experienced peak temperatures in excess of 1700 K while the particles 
injected downstream cool rapidly from 1500 K. The bottom half of Figure 3 shows 
the influence of varying the point of sorbent injection (plotted in terms of 
residence time) on the surface area of the calcined sorbent (without S02 
present). Downstream injection greatly enhances the surface area available for 
subsequent sulfation reaction due to decreased rate of grain growth at lower 
temperatures. The bottom half of Figure 3 also shows the residence time in the 
sulfation zone (1500 to 1200 K, 2250 to 1700 F) as a function of the overall 
residence time. lf the sorbent is injected below 1500 K, the effective resi
dence time in the sulfation zone decreases rapidly. In addition, a larger por
tion of the available residence time must be used for in situ calcination of the 
stone, and lower temperatures produce reduced diffusion and chemical rates. 
Therefore, the overall optimum injection temperature appears to be near the 
front of the sulfation window (approximately 1500 K). Injection above this tem
perature results in decreased sorbent activity due to excessive grain growth 



(sintering); injection significantly below 1500 K (2250 F) produces higher ini
tial surface areas but this effect is more than compensated for by the decreased 
chemical reaction, product layer diffusion rates, and available residence time. 

n-tERMAL HISTORY 

Figure 4-a shows the results of detailed heat transfer calculations (made by 
w. Richter at EER) on the detailed gas te~erature profile within the sulfation 
zone for three full scale utility boilers (solid lines). Time zero was 
arbitrarily defined to be the point in the boiler where the gas temperature 
reached 1500 K (2250° F) and the profiles have been characterized in terms of an 
average quench rate within the sulfation zone (1500 to 1200 K). These results 
indicate that the quench rate of commercial boilers may vary by as much as a 
factor of 5 and that in typical utility boilers the time available in the sulfa
tion window may be as little as 1 sec. Figure 4-a also shows measured tem
peratures (dotted lines) for two thermal profiles produced in the BSF: one, 
termed the "American Boiler•• profile, which represents current field practice; 
and the other, termed "reduced load," which has a more favorable quench rate. 

Figure 4-b sunmarizes the influence of quench rate on S02 capture with 
downstream sorbent injection at a Ca/S ratio of 2.0. Two very different sor
bents were used in these studies: Vicron limestone which represents a typical 
low surface area calcium carbonate, and Genstar pressure slaked lime which is 
typical of the high surface area dolomitic hydroxides. The dashed line 
represents capture predictions generated by EER's grain model. No model parame
ters were adjusted to improve the agreement between the experimental results and 
the model predictions; the fundamental diffusion and kinetic rates were based on 
the data of Borgwardt(6), the surface areas for both sorbents were based on the 
bench scale measurements of Slaughter et al.(16), and the thermal profile was 
based an the measured temperatures shown in Figure 4-a. Overall the agreement 
between the predlctions and the data is excellent and, as expected, capture 
decreased with increasing quench rate because reaction time decreased. These 
results indicate that a particular sorbent injected under identical conditions 
in two separate boilers may produce different capture efficiencies because of 
variations in the thermal characteristics of the boilers. 

IMPACT OF FUEL SULFUR 

The influence of fuel sulfur concentration was studied by varying the amount of 
H2S doped into the-natural gas flames. S02 concentrations of 500, 1000, 1800, 
and 3000 ppm (dry, 0% 02) were tested with Colton lime and Genstar, pressure 
slaked dolomitic lime (type S). The Ca/S ratio was held constant at 2.0, and 
the sorbent was injected at 1500 K (2250• F) for all of the runs. These 
results are presented in Figure 5 along with model predictions. Both the data 
and the model showed an increase in sulfur capture with increasing so2 con
centration. The curvature in the theoretical predictions, which is in agreement 
with the experimental results, is due to a trade-off between the zero order che
mistry and the first order pore and product layer diffusion processes. At low 
S02 concentrations the product layer diffusion resistance (which is first order 
in 502) exceeds the chemical reaction resistance (zero order with respect to 
502) for a larger fraction of the sulfation zone residence time; hence, the 
overall dependence on gas phase soi concentration is much stronger than at high 
502 concentrations where the chemical resistance is more limiting. The good 
agreement between the model predictions and the experimental data is typical of 

15-5 



that observed with other sorbents and suggests that the model accurately repre
sents the concentration dependence of the sulfation process. 

INFLUENCE OF SORBENT COt-POSITION 

Sorbent composition and other physical properties are probably the most impor
tant factors in determining overall capture performance. With all other 
variables held constant, a wide range of sulfur capture can be produced with 
different sorbent types. This fact is clearly illustrated in Figure 6: capture 
with downstream sorbent injection ranged from 30% for Vicron to over 75% for 
pressure slaked dolomitic sorbents at a calcium to sulfur ratio of 2.0. The 
range in capture with high temperature injection (with the fuel) was not as 
broad (20 to 40% at Ca/S = 2.0) because the final surface area is less dependent 
on the initial sorbent characteristics when the calcination occurs at flame zone 
temperatures(lS). In general the capture results tend ta be grouped primarily 
by general sorbent type. On a calcium molar basis, the three pressure slaked 
dolomitic sorbents gave the best capture with downstream injection. They were 
followed by the natural dolomite, the two normal slaked limes, and finally the 
Vicron limestone. For injection with the fuel, both the natural dolomite and 
the pressure slaked dolomite gave the highest capture while the calcitic car
bonate (Vicron) and the calcitic hydroxide gave the lowest capture. (Detailed 
sorbent characteristics are given in Table 1.) 

Since the sorbents shown in the composite comparison include both calcitic and 
dolomitic materials, the total mass feed rate can very substantially for a given 
Ca/S rocilar ratio; hence, both the initial sorbent cost and the amount of ash 
wh:ch must ultimately be disposed of are variable. In order to compare the dif
ferent sorbents on a total mass output basis, the abscissa in Figure 6 was con
verted to the mass parameter, MgO + Cao divided by the total inherent coal ash 
(assuming a 1% sulfur and a 10% ash coal) as shown in Figure 7. Corrpiling the 
data on this basis gives an indication of the capture that can be achieved rel
ative to the amount of additional material that passes through the convective 
passes and that must be removed from the particulate collection devices. Even 
on this basis the dolomitic pressure slaked limes appear attactive as does the 
Warner slaked lime. Again the poorest performance was achieved with the Vicron 
limestone. These results suggest that capture in excess of 60% can be achieved 
with approximately a 50% increase in the dry ash handling requirements for a 1% 
sulfur coal or a 150% increase in solids loading for a 3% sulfur coal. 

Since the results shown in both Figures 6 and 7 indicate that dolomitic sorbents 
are effective in achieving sulfur capture, the role of magnesium was of par
ticular interest. Figure 8-a shows the influence of magnesium content for 
several slaked sorbents at different quench rates. As noted previously the 
overall capture is significantly higher for the thermal conditions with the 
reduced quench rate (longer sulfation zone residence time). Capture also 
increased significantly as the magnesium content increased. The role of magne
sium was examined directly by injecting MgC03 alone and in a mixture with the 
Vicron limestone to achieve a "simulated dolomite ... The ca;t.lg IT()lar ratio of 
the mixture was kept the same as the real dolomite, and the results from these 
tests are shown in Figure 8-b. The data from the downstream injection of Mgco3 
alone suggest that it does not significantly react with so2 to form magnesium 
sulfate prior to the sampling point (1200 K) and this consistent with both 
theoretical considerations and previous practical experience. The simulated 
dolomite gave essentially identical capture to that measured previously for the 
Vicron limestone alone, again confirming that MgS04 formation was not signifi
cant. Apparently, the magnesium in the dolomitic materials enhances the capture 
by means other than direct capture since mere physical mixing of the two 
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materials does not yield the high capture produced with dolomite where the 
magnesium is present as an integral part of the sorbent matrix. It has been 
previously suggested that the magnesium prevents pore blockage, but the charac
teristic particle size in the Genstar pressure slaked dolomite is less than 1 µm 
ana with sorbent particles that small, the pore diffusion resistance is 
insignificant. A more likely explanation appears to be that the Mg enhances 
product layer diffusion and/or initial chemisorption of the sulfur species. 

SORBENT ENHANCEMENT BY PROMOTER ADDITION 

One of the primary aras of study in the BSF has been the addition of various 
promoters to enhance sulfur capture. Initially, CriJ3 was found to dramatically 
improve capture with Vicron, especially when the promoted sorbent was injected 
into the high temperature region at the burner. Many of the transition metal 
pro!OClters were evaluated for possible capture enhancement; however, only molyb
denum and chromium enhanced capture significantly, relative to Vicron. 
Subsequently, Borgwardt found that alkali metal compounds (lithium, sodium, 
potassium) gave positive results similar to those found with the chromium series 
materials. Figure 9 shows that mixing each of the alkali metal carbonates with 
Vicron resulted in increased S02 capture when the sorbent was injected with the 
fuel and downstream. In these experiments the ratio of metal ion to calcium was 
maintained equal to that for the 5% Cr~3 addition. On this basis chromium 
proved to be the best promoter in terms of overall capture. The most unusual 
thing about the chromium promoted limestone sorbent was that, in contrast to all 
previous results, the capture with high temperature injection was equilavent to 
that with downstream, low temperature injection. Chromium appears to have the 
ability to counterbalance the effect of thermal sintering of the sorbent. 
Figure 10 illustrates the influence of Cr203 addition with other types of sor
bents. The open bars represent the capture measured with the sorbents alone, 
and the shaded bars indicate the increase in capture that resulted from 5% chro
mium addition. With all of the sorbents and with both burner zone and 
downstream sorbent injection, the capture increases with chromium promotion were 
significant. Even the performance of the Genstar pressure slaked dolomite was 
improved: 70 to 85% capture for the downstream sarbent injection and 35 to 70% 
capture for injection with the fuel. In general the enhancement above the base 
line was greater when the promoted sorbents were injected into the high tem
perature region, although the absolute capture levels were generally higher for 
downstream injection. 

The exact mechanism for the chromium and sodium enhancement is not clear at the 
present time; however, it appears likely that these materials pro!OClte capture 
by enhancing the product layer diffusion step since the model calculations indi
cate that product layer diffusion is the primary limitation to increased sulfa
tion rates. Additional work is needed to optimize the method of pro!OClter 
addition and clarify the controlling mechanisms. 

CONQ_USIONS 

The experimental results and the sulfation model calculations indicate that the 
sorbent injection locations and the residence time within the sulfation tem
perature window can significantly influence the overall sulfur capture for any 
particular sorbent. Unless the sorbent is pro!OClted with a metal additive, 
downstream injection at approximately 1500 K (22so· F) results in optimum sor
bent utilization. Increasing the heat removal rate between approximately 1500 K 
and 1200 K (22SO· to 1700· F) results in decreased sulfur capture. Increasing 
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the gas phase 502 concentration (e.g., due to increased coal sulfur content) 
improves sorbent utilization, but the dependence is non-linear due to the com
bined effects of intrinsic chemistry and diffusion. 

In general dolomitic sorbents perform better than calcitic sorbents (per mole of 
Ca) and hydroxides are superior to carbonates. 1he true influence of pressure 
slaking is unclear; however, the best sorbents tested (on either a calcium molar 
basis or total mass basis) were the pressure slaked dolomites. The magnesium in 
the dolomite materials does not react to produce magnesium sulfate; it probably 
enhances product layer diffusion. The performance of all sorbents can be 
enhanced by the addition of appropriate metallic compounds in relatively small 
quantities. 

Thus, the results of this study suggest that it is possible to achieve capture 
levels significantly above those typical of limestone injection by at least two 
al~ernative methods: use of specially treated sorbents (e.g., pressure slaked 
dolomites) or use of promoted limestones. (Clearly these two concepts can be 
combined to produce even higher capture levels; however, this may be economi
cally unattractive.) Figure 11 provides an overall comparison of these alter
natives under conditions that were designed to approximately simulate current 
utility practice (American Boiler profile). In general these data show that, 
even under severe thermal conditions (quench rate= 330 K/sec = 600· F/sec), it 
is possible to achieve 40% capture with approximately a 70% increase in boiler 
solids loading (based on a 10% ash, 1% S coal) by injecting either an inexpen
sive limestone promoted with a metal oxide or a pressure slaked dolomite. 
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0 0 0 ~ t3 ¢ 0 
Sorbent Gens tar Warner 

Colton Warner Gens tar Dolomtttc Oolomtttc 
Vtcron ltme ltme Dol011fte Blend (S) (S) (S) 

Type Calctte Hydrated Hydrated Dolomite Hydrated Pre~sure Pressure 
Ume ltme lime+ Slaked Slaked 

Hydrated Dolomitic Dolomtttc 
Dolomtttc Ltme ltme 

! Ltme 

C0111pOsttton CaC03 Ca(OH)2 Ca(Off)2 CaC03 • Ca(Off)2 + ca(OH)2 • Ca(Off)2 • 
MgC03 ca(OH)2 • Mg(OH)2 Mg(OH)z 

Mg(OH)z 

Mean Stze 9.8 4.0 11.8 1.8 1.4 3.5 
(µm) 

Den~y 2.7 2.3 2.9 2.3 2.3 2.3 
(g/ ) 

Chemical Comp 
(I) 

Ca 39.2 51.4, 53.9 24.8 45.0 30.3 29.5 
: 

Al 0.02 0.21 0.37 0.04 0.26 0.21 
' 

St 0.09 3.30. 
\ 0.51 0.16 0.13 0.94 

Fe 0.06 0.10 0.21 0.09 0.07 0.42 
Na 0.007 0.007 0.007 
Mg 0.33 0.25 0.20 11.3 6.2 16.0 15.9 



ABSTRACT 

STUDIES OF SORBENT CALCINATION AND S02 -SORBENT 
REACTIONS IN A PILOT-SCALE FURNACE 

by 

Roderick Beittel 
John P. Gooch 

Edward·B. Dismukes 
Southern Research Institute 

2000 Ninth Avenue, South 
Birmingham, Alabama 35255 

a~ 

Lawrence J. Muzio 
Fossil Energy Research Corporation 

29541 Vista Plaza Drive 
Laguna Niguel, California 92677 

Furnace injection of calcium-based sorbents for S02 reduction was examined using a 
1 x 106 Btu/hr pulverized coal-fired combustor. The effects of sorbent type and 
rate, residence time, injection site, staged combustion, and C0 2-enriched transport 
air on overall S0 2 removal are reported. Properties of calcine were determined for 
gas firing at selected conditions. Variations in calcine surface area of 2 to 
30 m2/g were found, corresponding to a range of calcium utilization of 12 to 38i. 
Sorbent type and temperature at the point of injection were primary determinants of 
calcium utilization. 
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INTRODUCTION 

STUDIES OF SORBENT CALCINATION ANO S02-SORBENT 
REACTIONS IN A PILOT-SCALE FURNACE 

The Electric Power Research Institute (EPRI) and Southern Company Services (SCS) are 
co-funding a project with the objective of developing a dry sorbent emission control 
process (DSEC) as a means of reducing sulfur dioxide emissions from coal-fired 
boilers. The program consists of an ongoing technology assessment, fundamental 
bench-scale studies. small pilot-scale studies, and a conceptual design study for a 
40- to 8Q-MW scale application of DSEC. This paper presents results obtained using 
a 1 x lOb Btu/hr combustion system at Southern Research Institute. 

A major task in the overall process development effort consists of obtaining an 
understanding of the mechanisms which limit sorbent utilization under various condi
tions. Accordingly, the pilot-scale experiments have been supported by an extensive 
analytical effort to provide detailed chemical and physical characterization of 
fuels, raw and reacted sorbents, and calcines. The objectives of the pilot-scale 
study may be described more specifically as follows: 

• Provide a means of evaluating sorbents and process modes under 
realistic conditions 

• Define the sorbent properties and process conditions which limit 
50 2 capture and calcine utilization 

• Develop a data base for calcium utilization as a function of sorbent 
type, firing conditions, fuel, injection mode, and calcine properties 

• Evaluate an integrated process which combines furnace injection with 
downstream injection 

The results obtained to date in the pilot-scale program are primarily concerned with 
determinations of calcine properties and calcium utilizations with furnace injection 
of high calcium sorbents. 

TESTING PROCEDURES AND EQUIPMENT 

Combustor 

An overall view of the pilot combustor system is shown in Figure 1. The furnace is 
a down-fired, refractory-lined cylinder with a nominal capacity of 1 x 106 Btu/hr. 
Dimensions of the furnace and location of sampling and sorbent injection ports are 
shown in Figure 2. The furnace is equipped with an adjustable-swirl burner, and 
with injection or sampling ports as shown. The baseline firing conditions are given 
in Table 1. Figures 3 and 4 show radial temperature profiles for the baseline fir
ing conditions with 1.0 and 0.6 x 106 Btu/hr fuel rates. 
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Note that firing with gas gives much higher temperatures near the burner than does 
coal. The difference is especially pronounced with the lower firing rate. Tempera
tures with either fuel are similar downstream from the burner (not shown). 

The combustion gases leaving the furnace pass through a horizontal, refractory-lined 
tunnel ("square duct") and then through air-cooled stainless steel piping. The gas 
cools to 150 to 300°F before entering a pulse-jet baghouse. 

Coal and sorbent are fed gravimetrically into separate eductors and transported to 
the furnace. 5orbent, when injected at the burner, passes through the burner core 
with the fuel entering a surrounding annulus. Sorbent is injected downstream of the 
burner through two opposed 1/2 in. jets perpendicular to the furnace axis. 

Residence Time Considerations 

Temperature-time profiles showing port locations are given in Figure 5 for baseline 
firing conditions. The change in slope after Port 5-5 corresponds to the furnace 
exit. The 1 x 106 Btu/hr profile is compared in Figure 6 to residence time
temperature values for four utility boilers. Values for Units 1, 2, and 3 were 
calcu1ated from firing rates and temperatures reported for t-fired 300 to 600-MW 
boilers operated near rated capacity (1). 

It is emphasized that the calculated values are based solely on average flue gas 
velocity and average gas temperatures at several elevations within the radiant sec
tion. The values for Unit 4 are those reported for a 140-MW, wall-fired unit (2), 
and show a much steeper gradient. The lowest temperature for each of the four units 
corresponds to the radiant section outlet; the temperature would be expected to drop 
much faster on entering the convective passes. The 1 x 106 Btu/hr temperature pro
file of the pilot unit radiant section is a reasonable approximation of that in 
certain full-scale units, and probably provides more time in the 2000 'to 2200°F 
region than most boilers at rated load. {Reduced load data for Units 1, 2, and 3 
were not available.) The pilot unit fired at 0.6 x 10 6 Btu/hr provides much more 
time in the 2000°F region than would be expected in a full-scale boiler. 

Continuous Gas Analysis 

A sample is withdrawn through an in-stack sintered stainless steel filter at a point 
where the gas temperature ranges from 250 to 500°F (depending on firing rate). The 
filtered sample passes through a conditioner which removes water by condensation at 
35 to 40°F. Equilibrium calculations show that, in the absence of alkaline contami
nants, the maximum loss of 502 to the condensate from coal or natural gas combustion 
would be 1.5 and 3%, respectively. Condensate collected during coal combustion with 
injection of hydrated lime contained negligible calcium and the equivalent of 1% of 
the gas phase 502 • The suitability of this sample system has also been demonstrated 
by injecting 502 into the flue gas just ahead of the sample probe. During natural 
gas firing, the recovery of S0 2 in the absence of sorbent is typically 97 to 99% of 
the value calculated from the measured feed rates of 502 and fuel. Initiation of 
furnace sorbent injection results in a reduction of 502 from 4 to 14% of that which 
occurs when the S02 is added with the fuel. That is, of the loss in S02 measured 
when sorbent reacts with 50 2 throughout the combustor system, only 4 to 14% occurs 
in the sampler itself. This is an especially severe test of sample system bias in 
that the 50 2 injected at low temperature is exposed to unsulfated sorbent. The 
results must be viewed as an upper limit in sample system bias since some of the 
reaction may occur between injection and sampling rather than in the sample system 
itself. A less severe test, in which S0 2 was injected near the sampler during coal 
firing, showed no difference in the recovery of added 50 2 with or without sorbent 
injected. Tables 2 and 3 list the results of these tests. 
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Fuel and Sorbents 

All tests with coal to date have been made with a Jefferson seam, Alabama coal pro
duced by the Hallmark mine. Coal and ash analyses typical of Lot 1 are shown in 
Table 4. Recent tests have been made with a second lot of the same coal which 
differs from the first only in sulfur content (2.8 versus 3.4% for the first lot). 
The coal is pulverized on site to about soi minus 200 mesh. 

Extensive pilot-scale. testing has been completed with two varieties of limestone, a 
high-calcium hydrate and a pressure-hydrated dolomitic lime. Table 5 lists complete 
analyses for these materials. The St. Genevieve limestone is a relatively pure 
carbonate with fine, uniform grains, and with a correspondingly low surface area of 
1.5 m2/g. The Marianna limestone, in contrast, features irregular grains, some 
fossil remains, sigificantly ~re impurities, and higher surface area. Both hydrate 
materials exhibit characteristically smaller size distributions and higher surface 
areas. 

Limited testing has been completed with the following sorbents: three additional 
grades of the St. Genevieve limestone ranging from 1.5 to 15 um ~D; four additional 
grades of Marianna limestone ranging from 1.3 to 35 um MMD; two grades of pulverized 
marble; two precipitated calcium carbonates having mean diameters of 0.7 and 
0.07 um; a dolomitic limestone; and a high-calcium, pressure-hydrated lime. Some 
properties of these materials are listed in Tables 6 and 7. 

Description of Test Procedures 

This section describes the two types of tests carried out with the pilot-scale com
bustor: those in which only the gas-phase reduction of so4 with the introduction of 
sorbent during coal-firing was determined; and those in which solids samples were 
collected during gas firing for further characterization. 

Reduction of gas-phase 50 2 • The standardized test chosen to evaluate a large number 
of variables on the basis of overall S0 2 removal was the following: 1) establish 
steady state at the conditions of interest; 2) begin feeding sorbent to the sorbent 
eductor; 3) terminate sorbent addition after 10 min. Table 8 gives the definitions 
used for reporting calcium-to-sulfur ratio, S0 2 reduction, and calcium utilization. 

The gas sampling system has been shown to make no contribution to the reduction of 
S0 2 • That the contribution of deposited sorbent to the overall reduction is minor 
is inferred qualitatively from the similar response of the system either to sorbent 
initiation or to reduction in S0 2 feed. Analysis of solid samples has in general 
confinned the apparent utilization calculated from gas composition. 

Solids sampling. Solids samples were withdrawn from the furnace through a water
cooled probe and collected in a glass-fiber thimble at the probe exit. The central 
sample tube is separated from the coolant by an annulus through which diluent may be 
added to the sample at the probe entrance. Initial experiments showed that in-probe 
reaction of calcine sampled either with or without dilution resulted in no more than 
1 to 2% each of H20, C0 2 , or SOx in the solid. Thus, the sampling procedure 
adopted for this study was to sample undiluted flue gas while maintaining the cool
ing water exit temperature at 130°F and the collecting filter at 300°F to avoid 
condensation. 

Subsequent to these initial probe validation tests, much more reactive calcines were 
encountered. Injection of high-calcium or dolomitic hydrated lime in the lower 
furnace, for example, yields calcines with surface areas of 10 to 15 or 30 to 
40 m2/g (compared to 2 to 3 m2/g for the calcine from burner injection of limestones 
in the tests cited above). With these calcines, Ca(OH) 2 and CaC03 each account for 
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5 to 20 mol % of the total calcium. The reactions to hydroxide and carbonate are 
assumed to occur in the probe since the temperature in the furnace is well above the 
decomposition temperature of either. 

Figure 7 shows the potential for in-probe reaction of S0 7 with the most reactive 
calcine tested. In these tests, calcine was sampled dur1ng injection of dolomitic 
hydroxide at S-4. One series was completed with S02 added to the gas flame (nonnal 
sampling). A second series was then completed with no S0 2 added to the flame, but 
with SOz added to the inlet of the probe. Any sulfate present in the second series 
of samples had to be due to reaction within the probe itself. At the level of 
injection, the in-probe reaction is equivalent to the overall reaction when S02 is 
present in the furnace (normal sampling). Clearly, this sampling procedure gives 
no infonnation on the extent of in-furnace sulfation at the level of injection. 
Although it appears that in-probe reaction could account for as much as 30% of the 
utilization measured at S-5 and SD-2, such is not likely the case. When S0 2 is 
present only in the probe, the reaction is with "fresh" calcine, and represents only 
an upper limit in additional in-probe reaction of sulfated calcine. The agreement 
between solids analysis and exit SOf reduction (measured at about 700°F, as 
described previously) supports the 1dea that additional reaction in the probe is 
much less. 

Neither elevation of the filter temperature to 500°F nor use of air rather than 
water as a probe coolant appeared to make a consistent difference in calcine BET 
area or composition. While work continues on the development of a better sampling 
technique, the present results are thought to be deficient only for the most reac
tive calcines. 

EXPERIMENTAL RESULTS 

Results of Screening Studies 

This section discusses the results of tests wherein only the overall reduction in 
S0 2 was measured. Variables examined include: sorbent type, sorbent rate, fuel 
rate, injection site, staging of combustion air, and C02 addition to the sorbent 
transport air. 

Sorbent type and rate. Figure 8 compares the performance of four basic types of 
sorbents: limestone, dolomite, calcium hydroxide, and dolomitic hydroxide. The S0 2 
removals shown are the optimum for each sorbent with 1 x 10° Btu/hr firing. The 
results shown for Marianna limestone are very similar to those for St. Genevieve 
under these conditions. The removals achieved with the pressure-hydrated, high
calcium lime were the same as with the Longview Ca(OH) 2 • 

Better utilizations have been achieved with injection of Marianna limestone at lower 
temperatures and with extremely fine grades of calcium carbonates. The results of 
Figure 8, however, are representative for each class of sorbent. The enhanced cal
cium utilization of the dolomitic sorbents is offset by the lower calcium content. 
Figure 9 shows the same removal data plotted as a function of the mass feed rate of 
sorbent. The collapse of the data for four sorbent types into two distinct lines is 
fortuitous, but does illustrate the improved perfonnance of hydrates and the weight
basis penalty resulting from the presence of the inert magnesium. (Analysis of 
sulfated dolomitic samples showed that sulfation of magnesium was negligible.) 

Injection site and residence time. The gas temperature at the level of sorbent 
injection was the most important variab1e in determining the utilization of a given 
sorbent. Figure 10 shows that the removals achieved with Marianna limestone 
injected with different firing rates and fuels lie along a single curve. Note, for 
example, that the removal was similar for injection either at S-2 with low-load gas 
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firing, or at S-4 with high-load coal firing. The temperatures at the level of 
injection are similar for these two cases, whereas the time-temperature profiles are 
markedly different. 

Additional combinations of injection temperature and residence time were tested with 
the following experiment. S0 2 removal was determined for S-3 injection of Marianna 
with natural gas firing rates ranging from 0.55 to 1.0 x 106 Btu/hr. The combustion 
air, S0 2 feed, sorbent, and sorbent transport air, however, were held constant at 
the rates appropriate for 1.0 x 105 Btu/hr. The temperature at the injection level 
was thus varied from 1500 to 2350°F while maintaining constant geometry and mixing. 
Wet flue gas volume and hence, in situ sorbent and 502 concentrations, changed less 
than 5% over this range. Gas composition effects other than SO~ are assumed to be 
of secondary importance. Figure 11 shows that the temperature dependence was nearly 
identical with that shown in Figure 10, where injection site, flue gas rate, and 
fuel type were variables. The temperature dependence differed only when sorbent was 
injected at the furnace exit with the load increased to 1.2 x 106 Btu/hr; that is, 
the region where the temperature decay is very rapid. For injection at temperatures 
from 1730 to 2000°F, S0 2 removal was 14 to 38% under these conditions of rapid tem
perature decay. 

For all the tests cited above average residence times were calculated for discrete 
temperature regions. Figure 12 shows calcium utilization p1otted as a function of 
available reaction time between 1600 and 2200°F. This is a rather crude analysis 
which assumes that no CaS04 can be formed above 2200°F, and the reaction rate is 
neg1igible below 1600°F due to chemical kinetics. This plot is presumably consis
tent with a diffusion-controlled process that produces a negligible increase in 
sorbent utilization in a reaction time exceeding two seconds, regardless of tempera
ture within the stipulated range. 

From Figures 10, 11, and 12 it is clear that injection temperature (i.e., calcina
tion/sintering) detennines the upper limit for utilization of this sorbent on 
pc-fired boiler time scales. Figure 12 should, in princip1e, be plotted as a 
utilization-versus-residence time curve for each injection temperatur~ (or calcine 
surface area, or some other measure of reactivity) but this is not warranted by the 
limited number of data points and uncertainties in time-temperature characterization 
of the pilot combustor. The time scale in Figure 12 should be viewed as relative, 
rather than absolute, but does demonstrate that most of the potential utilization is 
achieved rather quickly. 

The utilization of St. Genevieve limestone is very similar to that of Marianna over 
the 2200 to 2700°F range of injection temperatures. It does not, however, exhibit 
the marked increase in performance shown by the Marianna in the 1800 to 2200°f 
range. 

The perfonnance of high-calcium and dolomitic hydroxides over a range of tempera
tures is shown in Figures 13 and 14. Both show a peak in S0 2 removal with injection 
between 2000 and 2200°F. A detailed analysis of the relative importance of resi
dence time has not been made for these sorbents. 

Particle size effects. Two grades of St. Genevieve and Marianna limestone were 
initially tested to examine particle size effects over a range realistic for full
scale pulverizer capabilities. The grades thus referred to as coarse and fine 
correspond to an 1+10 of 15 and 7 µm for the St. Genevieve, and 35 and 13 µm for the 
Marianna limestone. The size range was extended by air jet milling the fine grade 
of each to achieve a product !"'MO as small as 1.3 µm. Precipitated calcium carbonate 
products having mean diameters of 0.7 and 0.07 µm were also tested. figure 15 shows 
the utilization of each sorbent as a function of mean particle size for either 
burner or S-4 injection, with baseline firing conditions at 1 x 106 Btu/hr. Utili
zations of 25 to 30i, comparable to that of hydrated lime, are observed for the 
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finest pulverized carbonates and the precipitates injected at S-4 (-2200°F). Very 
little increase in utilization with decreasing size is seen for burner injection. 
It was expected that since more of the surface area of the very fine particles can 
be accounted for by external rather than pore area, these sorbents would be less 
sensitive to temperature effects. The results indicate, however, that primary 
particles within agglomerates may be sintering to yield a less reactive calcine 
before sulfation occurs (i.e., before the temperature decreases below 2200°F). The 
Multifex, for example, is ·extremely difficult to disperse, as evidenced by the 
apparent sedimentation diameter (see Table 7). 

The correlations shown in Figure 15 are least-square fits to the data, with MMD 
considered the only variable. Although no account is taken of other sorbent proper
ties, these correlations may be useful in a cost benefit analysis of various degrees 
of size reduction. 

~ added to transport air. Significant levels of C02 in the sorbent jet entering 
the furnace, as would be found if recirculated flue gas were used for transport, 
could affect the calcination of carbonate material. Flue gas recirculation was 
simulated by adding C0 2 to the STA (sorbent transport air) to bring the composition 
of the transport gas up to 10 to 20% C02 (by volume, sampled from the transport line 
after the sorbent aspirator). When C0 2 was added, the amount of air supplied was 
reduced to keep the total volume of transport gas constant. For either S-3 or S-4 
injection of St. Genevieve limestone, the presence of up to 20% C0 2 in the transport 
gas had an insignificant effect on the capture of S0 2 • The temperature may be high 
enough (at S-4, typically 2200°F) that calcination is little affected by the pres
ence of C0 2 • In addition, if particle heating is predominantly due to the entrain
ment of hot flue gas in the transport air (rather than radiation), the gas surround
ing the particles must contain significant C0 2 from flue gas by the time calcination 
could occur. Hence, the additional C0 2 brought in with the sorbent would not affect 
calcination. 

Staged combustion. Tests with staged combustion were limited to St. Genevieve lime
stone, added during combustion of coal at 1 x 106 Btu/hr. Two basic configurations 
were examined: sorbent added at the burner so that, with staging, it sees a fuel
rich environment; and sorbent added at the staging leve1. 

On1y in the case where the burner stoichiometry was quite low. and the staging air 
far from the burner, did staging at all improve the utilization of limestone 
injected at the burner. Less severe staging (in geometry and stoichiometry) 
resulted in capture equivalent to or lower than no staging. 

When sorbent and staging air were both added near the burner, capture was lower than 
for unstaged burner injection. Removal with S-3 injection of limestone was improved 
slightly by the addition of staging air at the same location, but only when the 
staging was fairly extreme (an increase in utilization from 19-20% to 22% with a 
reduction of burner stoichiometry to 70i). The small improvement in sorbent effi
ciency is attributed to temperature effects and enhanced mixing by the staging air. 

Further work with staging was not warranted by the results of these exploratory 
tests. 

Characterization of Solids Samples 

All solids samples were taken during firing with natural gas. As a general rule, no 
significant differences have been observed in sorbent performance with coal or gas 
other than those attributable to temperature at the injection point. Properties of 
the calcine are therefore expected to correspond to sorbent performance with coal. 
One notable exception is that sorbent injected through the burner is exposed to 
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considerably higher temperatures with gas than with coal, the difference being much 
more pronounced with low-load firing. 

Solids properties reported are BET surface area (by single-point N2 absorption) and 
chemical composition. Composition is based on analysis for C, H, and 504 -2 and 
reported as Caco3 , Ca(OH) 2 and Caso~. For dolomitic samples, all C, H, and S were 
assigned to calcium. Selected samples have been analyzed more extensively with a 
wide variety of techniques, but are not discussed in this paper. 

St. Genevieve Limestone. Properties of calcine collected during injection of St. 
Genevieve limestone either through the burner or at S-4 are shown in Figures 16 and 
17. Material sampled less than a foot from the burner, directly below the sorbent 
injector, is nearly 30% calcined. Calcination is complete by S-2. In the case of 
5-4 injection, material sampled in the plane of injection is 40% calcined, and cal
cination is complete by S-5. Thus, even with injection at 2200°F, calcination is 
very rapid. The surface area is at a maximum for the partially calcined sorbent in 
either case. Calcium sulfate cannot form above about 2200°F, by which point (T -
2200°F at S-4) the surface area for the burner injection case has dropped to 2 m2/g. 
The BET area in the reactive zone with S-4 injection is at least 6 m2 /g. The sur
face area of calcine from S-3 injection at 0.6 x 106 Btu/hr was higher at the plane 
of injection, about 13 m2 /g, but dropped to 8 to 6 m2/g at S-4 and S-5 (not shown). 
Calcination was as rapid and as complete as for the cases shown. 

Marianna Limestone. Calcine surface areas resulting from three injection modes are 
shown in Figure 18. Burner injection again yields a very low-area calcine, but at 
lower injection temperatures the area is increased by up to a factor of 7. More 
properties of the calcine from S-3 injection at 0.6 x 106 Btu/hr are shown in Figure 
19. Figure 20 shows the properties of calcine from an analogous test with S02 pres
ent. Note the large reduction in surface area apparently due to the formation of 
sulfate. The implications of significant amounts of hydroxide and carbonate were 
discussed previously under sampling procedures. The St. Genevieve results suggest 
that calcination is rapid even at relatively low furnace temperatures. There is no 
reason to expect the Marianna limestone or hydroxides (discussed below) to calcine 
less completely. Therefore, the presence of uncalcined material is likely to be due 
to more extensive in-probe reaction with these more reactive sorbents. 

Lon view Ca OH • Figure 21 shows that the surface area of calcine from burner 
injection of Ca OH) 2 is less than 4 m2/g at the point where sulfation can begin. 
With injection at a very low temperature, about 1800°F, the calcine area is 
increased to 12 m2/g. Sulfation of a calcine from a similar test lowered the area 
by about 30%. With S-4 injection at 1 x 106 Btu/hr, the calcine area dropped from 
15 m2/g at the injection plane to 10 m2/g at S-5 (not shown). It is notable that in 
contrast to the other sorbents, furnace calcine from Longview Ca(OH) 2 has never 
exhibited a greater surface area than the uncalcined feed. 

Genstar dolomitic hydroxide. The surface area of Genstar injected at the burner 
fell from its original 20 m2 /g to less than 10 m2/g. Figure 22 illustrates that, in 
contrast, injection near 2200°F yielded a calcine area of 30 m2/g which was stable 
throughout the region where sulfation could occur. One sample from the flane of 
injection, taken with an altered sampling procedure, had an area of 68 m /g. Sam
ples subsequently taken in parallel with the two methods did not show a consistent 
difference in area or composition. The variations at the injection plane are there
fore attributed to sensitivity to probe and injector positioning. Properties of the 
calcine from S-4 injection either without or with so2 present are shown in Figures 
23 and 24. (Note that these results for sulfation also appear in the discussion of 
in-probe reaction--see Figure 7.) 
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The high calcium utilization of the Genstar is ascribed to the production of surface 
area by dehydration of Mg(OH)~, which does not itself react with sulfur in the fur
nace environment. This idea 1s supported by the following. 

One of the properties of the Genstar Ca(OH) 2-Mg(OH) 2 is that heating of the sorbent 
in the laboratory substantially increases the specific surface area. The data in 
Figure 25 are the results of an experiment in which the Genstar sorbent was subject 
to prolonged heating at either 115 or 300°C in a stream of dry N2 • Heating at 300°C 
for about 11.5 hr raised the surface area from 20 to 114 m2/g and gave a simulta
neous reduction in weight of about 12%. Heating up to a total of 13.4 hr caused no 
further change in either surface area or weight. Results obtained at 115°C for a 
total of 2 hr of heating showed virtually no change from the surface area or weight 
first observed. 

Notations near the right-hand margin of Figure 25 allow one to compare the observed 
reduction in weight at 300°C with that which would have occurred if half of the 
water of hydration had been removed or if all had been removed to produce in the 
first instance either Ca0-Mg(OH) 2 or Ca(OH) 2-Mg0 and in the second instance CaO-MgO. 
Obviously the weight loss corresponds much more nearly to loss of half of the water. 
Heating at 600°C to comp1ete dehydration yielded a surface area of 50 m2 /g. 

If only one of the hydroxides lost water, it was more likely to be Mg(OH) 2 than 
Ca(OH) 2 • This idea is confirmed by thermodynamic data from the JANAF tables, which 
are shown in Figure 26 as the equilibrium water dissociation pressures of Mg(OH) 2 
and Ca(OH) 2 at various temperatures. At 300°C the dissociation pressure of Mg(OH) 2 
is about 3.0 atm and that of Ca(OH) 2 only about 0.003 atm. 

Studies of the Longview Ca(OH) 2 at 300°C have revealed a marked difference in prop
erties from these observed for the Genstar Ca(OH) 2-Mg(OH) 2 • Heating at 300°C for 
6 hr changed the specific surface area of the Ca(UH)z only from 17.0 to 17.4 m2/g 
and the associated loss in weight was only 0.1%. This observation tends to confirm 
the conclusion that on1y the Mg(OH) 2 in the Genstar sorbent is dehydrated at 300°C. 
Heating of the Longview to complete dehydration in the laboratory has not resulted 
in significant area increase over the raw material. 

Surface area and calcium utilization. Table 9 lists the BET areas of calcines from 
the tests just discussed. The area given is for calcine sampled below 2200°F in the 
case of burner injection, or one level below the injection plane for other cases. 
Also listed are the calcium utilizations (based on S0 2 reduction) observed for the 
analogous tests with coal. Undoubtedly the sulfation and calcination processes are 
parallel and interdependent when calcination occurs below 2200°F. In addition, the 
utilization would be dependent on the nature as well as the magnitude of surface 
area (e.g., pore size distribution). Figure 27, however, shows a reasonable corre
lation between calcine surface area and utilization. 

CONCLUSIONS 

The applicability of furnace sorbent injection to a given situation depends ulti
mately on economic factors as well as required and achievable levels of so 2 control. 
The results of the present study are intended to: a) provide a basis for the evalu
ation of remova1s achievable with furnace injection of commercially available sor
bents, either alone or integrated with post-furnace treatment; and b) provide a 
foundation for understanding and improving the process. Conclusions from the pres
ent work are: 

• so2 removal is a post-flame process that occurs via the formation of CaS04 
in an oxidizing environment. 
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• The level of S02 removal is dependent on sorbent type {limestone, dolomite, 
hydroxide) with the hydroxides being more effective than the carbonates. 
Reductions observed with injection near 2200°F were: 

limestone: 40% S02 removal at Ca 1S = 2 
dolomite: 55% S02 removal at Ca/S = 2 
calcium hydroxide: 50 to 60% S02 removal at Ca/S = 2 
dolomitic hydroxide: 70 to 80% S0 2 at Ca/5 = 2 

• The S02 removal with limestone depends on the initial source of the lime
stone. The more amorphous limestone with moderately high initial surface 
area exhibited a higher temperature sensitivity than the more crystalline 
carbonate. 502 removals approaching 60% at Ca/S = 2 were achieved with 
injection near 1900°F. This phenomenon could be difficult to exploit in 
many boilers due to rapid temperature decay in the convective passes. 

• Calcine surface area appears to be one of the key parameters in the 502 
capture process. The pilot-scale results exhibit a good correlation between 
the calcine surface area (at a temperature where CaS04 can form) and the 
level of S02 removal. 

• Calcine surface area is highly dependent on the calcination temperature 
history; for furnace injection, conditions appear to be primarily controlled 
by sintering. Surface areas of the dolomitic, pressure-hydrated lime can 
vary from 10 to 35 m2/g depending on the temperature history during the 
calcination process. 

• Sulfation times appear to be relatively rapid with little additional sulfa
tion occurring as the residence time in a temperature region between 2200 
and 1600°F is increased beyond 1 sec. However, the very low injection tem
perature required to optimize capture with a sorbent such as ~arianna could 
pose a dilenma: it is in this region of a boiler that temperature decay 
would be rapid, and residence time very short. 

• For all sorbents investigated, temperature appears to be a more important 
parameter than residence time. 

• Optimum temperature for S02 removal is in the range of 1900 to 2150°F, the 
lower temperatures corresponding to carbonates and the higher temperatures 
corresponding to hydroxides. An optimum occurs because of the interaction 
between sintering of the calcine surface and the kinetics of the S02 
removal: at high temperatures SOz removal diminishes due to the loss of 
reactive surface area caused by s1ntering, and at lower temperature 
decreased reaction rates result in lower S0 2 removals (either reaction rate 
or solid diffusion). 

• Preliminary results using precipitated carbonates (BET surface area 
-21 m2 /g) yield S0 2 removals approaching that of the hydroxides. 

• Limestone particle size, when varied over the range available with conven
tional grinding equipment has little effect on overall SO~ removal. How
ever, as noted above, very fine precipitated carbonates yield relatively 
high S02 removals. 

• Modifying the sorbent injection a1rstream to contain C02 levels simulating 
the use of flue gas for transport had no effect on the S0 2 removal. 

These results are expected to be useful in an assessment of the role a OSEC process 
may have in an overall acid rain control strategy. 
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Table 1. Baseline Firing Conditions 

Load 
Low High 

Fuel rate, 106 Btu/hr 0.6 LO 
STA, sorbent transport air, scfm 14 14 
STA, as % of total air 10 7 
SR0 , over a 11 stoi chi ornet ry 1.3-1.4 1.2-1.3 
Staging None None 
Secondary air preheat, °F 600 600 
Secondary air swirl, degrees 30 30 

Table 2. Comparison of Overall S02 Removal With Removal 
Near or in the Sample System, Gas-Firing 

Sorbent 
Flue gas te~perature, °F 
Pre-sampler Gas sampler 

ppm S02 removed, when adgeda 
With fuel Pre-sampler 

Limestone 

Dolomitic 
hydrated 
1 ime 

Hydrated 1 ime 

340 

760 

600 

270 

520 

400 

1530 

940 

1280 

72 

120 

50 

a. During in-furnace sorbent addition, both cases. 

b. "Pre-sampler" identifies the point upstream of the gas sampling 
probe where S0 2 is added to the flue gas. In the absence of 
sorbent, recovery of 50 2 injected at this point is typically 99% 
of theoretical, based on 50 2 and fuel feed rates. 

Table 3. Recovery of SO~ Injected Near Sample Point During 
Coal Firing, With or W1thout Sorbent Addition in Furnace 

ppm S02 increment 
ppm soa removed with so~ injected % 

Sorbent {sample at 460°F} at 75°F Theoretical a 

None none 982 102 

Hydrated 1 ime 1250 994 103 

Dolomitic hydrated 658 965 100 
lime 

Dolomitic hydrated 2430 989 103 
1 ime 

a. Based on fue 1 rate, typical fuel analysis, and 502 feed rate. 
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Table 4. Analysis of Hallmark Coal 
(Jefferson Seam, A 1 abama, Lot 1) 

Coal 1 as-fired Ash 

% Moisture 1.89 % Li 20 0.04 
% Carbon 74.1 % Na

6
o 0.25 

% Hydrogen 5.21 % K2 1.5 
% Nitrogen L 73 % MgO 0.69 
% Sul fur 3.44 % Cao 1.1 
% Ash 7.75 % Fe2 03 45.9 
% Oxygen (di ff) 5.89 % A1 203 17.2 

% Si02 28. 7 
% Volatiles 37.2 % Ti02 1.0 

'l. P005 0.56 
Btu/lb 13,500 % s 3 1.1 

Table 5. Chemical and Physical Properties of 
Primary Sorbents 

St. Genevieve Marianna Longview Gens tar 
1 imestone 1 imestone hydrated pressure-hydrated 
{fine} {fine) 1 ime dolomitic 1 ime 

Wt % Li 20a 0.01 0.02 0.02 0.01 
Na 20 0.07 0.07 0.02 0.05 
K20 0.09 0.18 0.08 0.02 
MgO 1.4 1.2 3.0 39.9 
cao 97 .6 90.6 93.9 58.2 
Fe 203 0.18 1.2 0.30 0.11 
A1C0 3 0.30 1.7 0.43 <0.2 
Si 2 0.60 4.8 0.51 <0.1 
Ti02 <O. l <O .1 0.10 <0.3 
P20s <0.03 0.25 0.13 <0.03 
S0 3 0.16 0.28 0.27 0.07 

LOI, %b 43.4 42.2 23. 7 27. 2 
BET area, m2/g 1.5 6.3 21 20.0 
MMD, µm 6.9 13 2.3 1.2 
P, g/cm3 2.69 2. 71 2. 24 2.28 

a. Ignited sample. 

b. As-received samples. 
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Table 6. Physical Properties of Different Grades of. 
St. Genevieve and Marianna Limestones 

MMD, lJffi BET area 2 m2 /9 

St. Genevieve limestone, coarse 15 1.1 
finea 6.9 1.5 
mi 11 6.0 1.3 
cyclone 1.5 3.5 

Marianna limestone, coarse 35 6.3 
finea 13 6.3 
mi 11 7.6 3.9 
cyclone 1. 7 7.5 
FPC 1.3 8.3 

a. Chemical properties given in Table 5. This grade was 
air-mille~ to produce the finer materials. 

Table 7. Properties of Other Sorbents 

As-received 
Ignited LOI, MMD,a BET area, 

% Cao % MsO wt % j.Jffi m2/g 

Microwhite 100, 96.1 1.5 43.2 18 0.8 
pulverized marble 

Microwhite 25, 97.9 1.3 43.9 3.5 3.1 
pulverized marble 

Albaglos, 95.3 0.44 44.1 0.68 7.1 
precipitated CaC03 

Mul t if ex, 96.0 0.54 44.2 o.01b 22 
precipitated CaC03 

Oolcito, 55.8 37.2 45.8 14 2.0 
pulverized 
dolomite 

Western HCPH, 94.2 1.3 25.0 3.7 17 
high-calcium, 
pressure-hydrated 
lime 

a. By sedimentation except as noted. 

b. Manufacturer's value. Sedimentation yielded 1.0 iim, appar-
ently due to incomplete dispersion. 
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-

Measured Values Used to Calculate S02 
Reduction and Calcium Utilization 

Calculated value 

Ca/S 

Baseline 50 2 ppm 

Reduced S02 ppm 

S02 Reduction, % 

Calcium utilization. % 

Measured values 

- sorbent feed rate 
- typical sorbent analysis 
- molar flue gas rate (from fuel 

rate and analysis) corrected to 
3% 02 

- baseline S02 

- average value of 502 in 5-min 
period preceding test, corrected 
to 3% 02 

- average value of S02 over period 
2 to 10 min after starting sor
bent feed, ·corrected to 31 02 

100 (l _ reduced S02 ) 

baseline S02 
SO, reduction .. 

Ca/S 

Table 9. Calcine BET Areas and Sorbent Utilizations in Analogous 
Gas and Coal-Fired Tests 

Gas-firing 

106 Btu 
(No S0 2 ~resent) Coal-firing 

Inject ion BET area, m2Tg Ca/S = 2 
Sorbent site hr for T ~ 2200°F % Utilization 

St. Genevieve B 1.0 2.4 17 

St. Genevieve S-4 1.0 6 19 

Marianna B 1.0 2 12 

Marianna S-4 1.0 10 17 

Marianna S-3 0.6 14 24 

Longview B 1.0 3 18 

Longview S-4 1.0 10 29 

Longview S-3 0.6 12 24a 

Gens tar B 1.0 8 24 

Gen star S-4 1.0 30 39 
--
a. llS02 from gas firing test. Test not completed with coal. 
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ABSTRACT 

RECENT IFRF FUNDAMENTAL AND PILOT SCALE STUDIES ON 
THE DIRECT SORBENT INJECI'ION PROCESS 

s. Bortz and P. Flament 
International Flame Research Foundation 

P .o. Box 10. 000 
Building 3G. 25 

1970 CA IJMUIDEN 
The Netherlands 

Pilot scale experiments (2-4MW thermal) using a staged combustion air burner have 
shown that under optimised conditions, substantial redi.:ction of S02 emissions by 
direct inJection of calcium based sorbents is possible. Various fuels inclt.:ding 
coals, ranging from sub-bituminous to low volatile bituminous, petroleum 
residues, and 502 doped gas flames, have been tested with this technique and S02 
capture levels, with a Ca/S molar ratio of 2 and a calcium hydroxide sorbent, of 
between 70 to 80% have been achieved in cases when the peak flame temperatures 
were redoced to about 1250 C or lower. Both the temperature field in the furnace 
and the sorbent type used have been sho'IN'n to strongly influence the S02 capture 
efficiency with other para'lleters such as the S02 and 02 concentration playing a 
somewhat lesser role. 

SQIT'le- roore fundamental work has also been condi.:cted in plug flow reactors, both 
isothermal and non-isothermal, to better defined calcination and sulphation rates 
at tanperature levels ranging from 700-1300 C. The work which is only partially 
complete, will also examine the effect of sorbent characteristics, gas 
environ:nent, and initial particle size distribution on the calcination and 
sulphation process. The results obtained thus far have shown that at tanperatures 
above 1000 c, calcination is more than 80% complete in less than 200ms with caco3 
and less than 40ms with ca(OH)2. Sulphation also appears to be reasonably fast, 
reaching an asymptotic value in less than 600ms for caco3 when the gas 
temperature is between 1000 C and 1100 C. The rrean particle size, in the range 3-
50 "Jm, has a large influence on the calcium utilization for short particle 
residence times. 
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LIST OF NOTATION 

ERZ - external recirculation zone 
IRZ - internal recirculation zone 
M: - sorbent mixed with solid fuel 
SRl - Primary zone stoichiometry 
TA - sorbent injected in the tertiary air 
t - time 
T - temperature 
n - molar percent of calciun reacted with sulphur 
T - overall reactor/sample residence time 
A - overall excess air level 
~ - % S02 redu:tion = 

100 x (S02 wi~~out sorbent - S02 with sorbent)/S02 without sorbent 

1. INTROoucrro~ 

The concern about enissions of sulphur dioxide and their effect on the 
environment is not new. However, the combination of increasing 502 emissions 
(in Europe sulphur emitted as S02 has gone up from 12.5 to 25 million tons 
per year between 1950 and 1972 [ll l and a much higher interest of the 
populations for their environ:nent has led a number of countries to establish 
severe legislation for limiting the S02-enissions from fossil fuel fired 
systems. Such legislation is already applied or will be applied in the near 
future in countries like Germany, Japan, US, StNeden or the Netherlands. 

For conventional com.Oustion systems fired with oil or coal, flue gas 
desulphurization uni ts are available which can redu:e the p:>tential S02 
enissions by using lime (CaO) or limestone (CaC03), in so-called dry, wet or 
wet-dry processes where one essentially ends-up with a mixture of CaS03, 
CaS04, CaC03 and Cao, in various proportions depending upon the nature and 
efficiency of the process. 

Not only the high investment and operational costs of these units, but also 
the large space required to install then between an existing boiler and a 
chimney is a strong limitation to the generalization of flue gas treatrrent, 
particularly for existing installations. 

An attractive alternative is to use the combustion chamber itself as a 
reaction vessel for capturing S02, which can be done by injecting calcium 
based sorbents, CaC03 or Ca(OH)2, for instance, into the combustion chamber 
through the burners or through specially arranged ports. 

The IFRF condu:ted a first series of experiments in 1980 Lmder contract to 
the Steirmueller Company [2). The results were interesting enough to justify 
some further work in 1982 as a part of the IFRF rranbers progra'11T¥::! (Sl
trials) and also under contract with Charbonnages de France [3] for possible 
further applications to a p:>v.er station fired with a high sulphur coal. 

More recently experiments have been carried out in plug flow reactors at the 
IFRF, in order to better understand the physical and chanical mechanisms of 
calcination and sulphation. 

A large quantity of experirrental data have been collected during these 
complementary experirrents and this paper is an attempt to surrrnarize these 
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results and to state our present level of understanding of the phenomena 
involved in the direct desulphurization. 

2. EXPERIMENTAL SYSTEMS 

2. 1 FUR~ACES AND BURNERS 

MOst pi lot scale experiments were carried out with an experimental staged 
mixing :::mrner previously developed by the Research Station for i;x:>tential 
application to wall-fired boilers and schanatically represented in figure 2. 
The main feature of this burner is the subdivision of the combl.lStion air 
into four different streams: primary air, extra primary air, secondary air 
and tertiary air {or staging air). 

- The tertiary air is injected at the periphery of the quarl through four 
discrete i;x:>rts. Tertiary air velocity can be varied by using variable 
diameter inserts in these ports. 

- The extra primary air is swirled with a 45 degree fixed vane swirler and 
flows inside the annular coal jet. This arrangerrent has proven to be very 
effective for flame stabilisation at high staging rates. 

- The· secondary air is swirled by means of the standard IFRF movable block 
swirl generator. Inserts can also be used in order to maintain sufficient 
secondary air velocity when highly staged combustion is considered. 

- The 

SR 1 

primary zone stoichiometric ratio is defined as: 

= erirnary air + extra primary air + secondary air 
stoichiometric air requirement 

and is a simple way to quantify the intensity of staging. 

This burner is designed for a nominal throughput of 2. 3MW and has been 
tested in previous trials where a primary stoichiometry SR 1 = 0.5 could be 
achieved with resulting low NOx anissions and maintenance of short and 
stable visible flames. 

The ourner was fitted to the IFRF number 1 furnace which is refractory lined 
with internal dimensions of 2 x 2 x 6.25m and horizontally fired (see figure 
le) • For the sorbent injection experiments the furnace was equipped with 
eight water-cooled loops which together with heat losses provided a heat 
extraction in the furnace of about 50% of the total thermal input giving a 
flue gas temperature of 1000 + 50 C and wall tanperatures between 800 C and 
1000 c. 

With the staged mixing burner, the dry sorbents could be injected in three 
different modes: 

:-Jixed with the coal (r-t:: in figures): by mixing the sorbent and its 
transport air with the primary air-coal mixture before the burner. 
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- In tertiary air (TA in figures) : by injecting the sorbent in the tertiary 
air port at the burner. This rrode of injection is applicable with staged 
combustion only. 

- At burner i::eriphery: when non-staged combustion is considered, by means of 
four injectors of small diameter (l4mn) which were inserted in the 
tertiary air ports themselves (transport air for the sorbents is only 2% 
to 4% of corribustion air) • 

Experiments have also been cond1£ted in the IFRF vertical furnace operating 
as a non-isothermal plug flow reactor, see figure la. This furnace is 4rn 
high, has an internal diameter of 0.6rn and is refractory lined. 

A gas fired burner is set at the top aoo its function is to generate hot 
combustion gases, the temperature and oxygen content of which can be 
respectively adjusted within the ranges 1000 C to 1400 C and l to 12% by 
:neans of removable cooling pipes and oxygen injection. The essential 
function of the upper furnace zone is to create a plug-flow with an average 
velocity of l.5rrv's and a well controlled terni::erature and gas composition. 

The material to be studied is injected with an inert carrier gas (Nitrogen 
in practice) at the top of the 11working section" of the furnace by means of 
a sol id distributor, which spreads the solid particles across the entire 
width of the furnace ensuring, fast radial dispersion of the solids in the 
flow. The vertical position of the solid injector can be considered as the 
origin of the reacting flow and by inserting sa~pling probes in the furnace 
through accessible ports at variable positions downstream it is possible to 
follow the progress of reaction. Residence time measurements have shown that 
the furnace is operating as a plug-flow, i.e. without any significant back
mixing and in such a way that axial distances can be easily converted into 
residence times. 

Studies with the new IFRF isotheonal plug flow reactor have also started, 
see figure lb. This reactor tube is 80rcrn diameter and is divided up into six 
electrically heated sections. The hot gases are supplied by a precombustor 
in which combustion of a combination of blast furnace and natural gases 
prod\X:es a gas similar to that achieved with coal combustion. The 
temperature of the gases can be varied in the range 700 - 1300 C by changing 
inputs and also with cooling pipes which can be inserted into the 
precombustor. 

The gas concentrations can be altered by changing inputs and by the addition 
of N2, C02, H20 or S02. The hot gases are then injected into the reactor 
where the electric elements maintain a constant temperature along the 
reactor length. 

The total gas residence time in the reactor can be varied from 150ms to 
about 600ms, by changing the velocity (flow rate) of the gases. By inserting 
a water-cooled probe into the reactor from gas and solid samples can be 
taken at any height inside the tube. Samples can be taken after residence 
times as short as 10ms. The solids are injected at the top of the reactor 
tube into a venturi to assure good solid and gas mixing. solid injection 
rates are typically 500g/hr. The solids drawn into the probe are quenched to 
about 150 C with an inert gas quench. The quenching time is estimated at 
about 2-3ms for particles less than 20 µm. 
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2.2 FUELS At-.U SORBENTS 

Three coals were used in the more recent experiments: 

- a German bituminous coal from the Saar area having 1% sulphur; 
- a sub-bituminous coal fr an Gardanne (France) having around 4% sulphur and 

30% ash as mined; 
- the same Gardanne coal washed down to 8% ash. 

Analyses of these coals and of their ashes are given in table 1. The 
important feature of the Gardanne raw coal is that its ash contains 50% cao 
giving it potential for significant "natural retention" of 502 in the ash 
itself. 

High sulphur containing (about 3. 5%) solid and liquid petroleum residues 
have also been tested with the direct sorbent injection technique. 

The analyses of the four main sorbents refered to in this paper are shown in 
table 1. The sorbent described as shale is extracted during the mining of 
the Gardanne coal and comes from layers adjacent to the coal stream. In 
figure 3, the particle size distributions for the sorbents tested, are 
shown. 

3. SIMPLE BASIC O)NSIDERATIONS 

When a finely ground cam3 or Ca(OH)2 is inJected into a flame, it undergoes 
calcination reactions as follows: 

caco3 -> cao + co2, or 
Ca(OH)2 -> CaO + H20 

{1) 
(2) 

Thermodynamic considerations, confirmed by experirrents, indicate that 
calcination starts around 800 C for (1) and around 500 C for (2), see figure 
4. Usual gas temperatures in a pulverized coal ·flame are significantly 
higher and one can expect a "flash" calcination of the sorbent liberating a 
freshly calcined lime which can react with S02 according to the overall 
chemical equation: 

eao + so2 + 112 02 <-> easo4 (3) 

Intermediate steps involving the formation of CaS03 or the direct reaction 
of eao with S03 for instance ought to be considered when a detailed analysis 
of the chanical process is required but for the engineer this equation is a 
simple description of the overall process. 

The reaction described by equation (3) is reversible and at high 
tanperatures, CaS04 becomes thermally unstable. Data from thermodynamic 
calculations and also a few experimental results on thermal decomposition of 
CaS04 are available in the literature and they have been plotted in figure 5 
[4, 5, 6]. There is a fair agreement between calculations and experiments to 
show that with 4% 02 and 1000ppn S02 in the gas phase, CaS04 is unstable 
above 1200 C. It is also seen that the gas phase composition has a strong 
influence on the stability of caS04: in presence of 1% CO and with 1% 02 and 
1000pf111 S02 in the gas phase (which is typical of what can be found in the 
first part of a pulverized coal flame), the limit of stability of CaS04 
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drops to about 1000 c. If carbon is present with caso4 (in the form of soot 
for instance) the limit of thermal stability drops below 900 C for 1000ppm 
S02. Although these data are relative to systems at equilibrium, they 
indicate clearly that temperature must be a predominant limiting factor in 
the capture of S02 by calcium in flames. 

3.1 RESULTS FROM TI-IE PWG FLOW FURNACES 

3.1.1.calcination results 

In figure 6, calcination rates for caco3-3 and ca (OH) 2-2 are shown for 
temperatures ranging from 700-1300 C. It can be seen that the rate of 
calcination for caC03 is reasonably fast for temperatures greater than 1000 
c, while with Ca (OH) 2, calcination is extremely fast for all temperatures 
examined. It is imp::>rtant to note that when the calcium hydroxide was 
calcined at 700 C and 900 C, that significant amounts of CaC03 were quickly 
formed. Hoi...ever, at temperatures of 1100 C or higher, very little CaC03 was 
found in correspondance with equilibrium considerations, see figure 4. 

Also Ca (OH) 2 was found in the calcined sample, even after exp::> sure to high 
temperatures for long residence times. It is believed that this calcium 
hydroxide was reformed in the sampling probe or collection filter. 

Calcination rates have also been :neasured in gas streams with C02 
concentrations ranging from 19% to 8. 5% and H20 concentrations from 19% to 
6.5%. In this range of variation, very little change in the calcination rate 
or final level was found. 

Measuranents of particle size before and after calcination indicate that 
some particle breakup does occur during calcination with the percentage 
breakup being a function of the gas temperature. With a gas temperature of 
1300 C the increase in mass percent of particles less than 10 :..:m increased 
frcrn 65% to about 85% for the Ca(OH)2 sorbent. 

3.1.2 Sulphation results 

In figure 7 the sulphation results from the non-isothermal plug flow reactor 
are shown. During these experiments the high ash Gardanne coal was injected 
into the reactor without additional 502 or calcium (inherent Ca/S = 2.23). 
Further the shale mined between the coal seams was injected along with 502 
(Ca/S = 2.27). In both cases the potential S02 concentration, whether from 
coal combustion or from direct injection was similar. The temperature 
distributions shown are gas temperatures as measured by suction pyrometer. 

Several conclusions can be drawn from these relatively brief experiments. 

At tanperature levels where high concentrations of CaS04 are 
thermodynamically stable, and high enough for rapid calcination, the rate of 
sulphation is reasonably fast reaching an asymptotic value after about 0.5s. 
If the shale (CaC03) is injected at a temperature where the formation of 
CaS04 is limited by what are probably thermodynamic reasons, curve 3 in 
figure 7B, as the temperature drops below 1000 C, the sulphur capture level 
approaches that of curve 4b. However, if the sorbent is exp::>sed to a high 
enough temperature, somewhere between 1100 C and 1200 C, then the capture 
effic~ency seems to be limited to a level considerably below that achieved 
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at temperatures where the sorbent is always below 1100 C, see curves la, 
2a, 3a, 4a in figure 7. 

Another important conclusion is that, especially at temperatures where the 
rate and final level of caso4 formation are maximized (T<ll00 C), neither 
the mineral matter in the coal ash nor the combustion of the organic 
fraction of the coal have a predominant effect on the formation of CaS04. 

In figure 8 some initial sulphation results fran the isothermal reactor are 
shown. These experiments where done with an initial S02 concentration of 
2000pµn and a ca/s ratio ranging from l. 7 to 2.1. These samples have be€n 
collected when the furnace was set up to study calcination and consequently 
the residence times are quite short; 150ms for ca(OH)2 and about 300ms for 
caco3. For both caco3 and ca (OH) 2 and with the gas composition shown in 
figure 8, the optimun temperature for sulphur capture in these short 
residence times is between 1000 and 1100 C. At temperatures below 1000 C 
L'te fraction of calcium present as caco3 increases, red1.:eing the amount of 
calcium available for reaction with sulphur. In both cases the increase of 
caco3 co:r:responds to a sharp drop in caS04. The percent caC03 present at 
900 C is much greater with the caC03 sorbent than with the ca (OH) 2. This 
perhaps can be explained partially by the fact that initially the caco3 
reformed after calcination of ca(OH)2 \YOuld be predominately at the 
particle surface which is where the reaction with sulphur occurs, while in 
the case of the CaC03 sorbent the uncalcined material is probably well 
dispersed throughout the particle. 

Also the data in figure 8 indicates that at temperatures below 1'300 C, 
CaS03 beg ins to be the major calciun-sulphur form present. This again 
appears to be related to thermod.ynamic considerations which show that CaS03 
will begin to decompose at a.bout 950 c [7]. ' 

The calciun utilization curve with a Ca(OH) 2 sorbent shown in figure 8 has 
a minim\Jll at between 1000 C and 700 C. The reason for this appears to be 
the predominance of caso3 at 700 c, while at above 900 c caso4 is the major 
calcium-sulphur comp:>und found. 

ca(OH)2 sorbents of various mean particle sizes (49, 24 and 3 wm) have also 
been inJected into the isothermal reactor. With an overall particle 
residence time in the reactor of about 150ms, a significant difference in 
sulphation level was found at 1100 C and 700 c, see figure 9. Fran these 
initial tests it is uncertain if the ultimate calciun utilization level is 
a function of the particle size, or if only the sulphation rate is changed. 

In figure 9, the curves bet.....een 700 and 1000 c are drawn as a dashed line 
due to uncertainty about the nature of the curve in this range, see figure 
8. Also in figure 9 the percentage caC03 originally present in the Ca(OH)2 
sorbent for the different sizes are shown alone with the mass mean particle 
size and the n-easured BET surface areas. 

In conclusion, the smaller scale isothermal and non-isothermal work 
performed at the IFRF up till now indicates that a relatively na:rrow 
tanperatw:e range exists (1000 C - 1100 C) where the calcination and 
sulphation processes are optimized so that high capture efficiencies can be 
achieved in short times (< 600ms), arx:l with small Ca(OH)2 particles perhaps 
much faster. 



At tanperatures above 1100 c the sulphation process is limited by equilibrium 
considerations and very likely dead burning, whilst at tanperatures below 
1000 C the calcination rate with CaC03 or CaC03 formation with ca (OH) 2 
sorbents appears to limit sulphation. At tanperatures less than 900 c, CaS03 
becomes the major sulphur calcium canp:>und formed, at least for short 
residence times. 

3.2. PILOT PLANT SCALE RESULTS 

3.2.l Effect of flame temperature and injection location 

one maJor controlling parameter for the capture efficiency of sulphur by 
direct injection of calcium based sorbents in or near a flame is flame 
tanperature. In figure rn the correlation between peak flame tanperature and 
the percent S02 redoction is shown as measured when the fuel and sorbent were 
mixed during various pilot plant scale exi;eriments (2.5 MW thermal input). It 
is :imp:>rtant to note that most of these data have been generated during 
experiments in furnace nunber 1 where the average residence time is about 6 
seconds, and the residence time at temperatures of about 1050 C or less, is 
typically about 2 seconds, see figure 12. This again indicates that exp:>sure 
of the sorbent to high tanperature causes a change (sintering) in the 
reactivity of the stone, so that its capture efficiency is redoced when the 
gas tanperature decreases to temperatures thermodynamically suitable for 
sulphation. This appears to hold true for solid fuels without any appreciable 
mineral matter, such as petroleum coke, see figure 10. 

In figure 11, the effect of peak flame tanperature on the sulphur capture 
when the sorbent is inJected in the staging air stream located as in figure 
1. In this case there is no longer a direct relation between peak taTiferature 
and capture efficiency although a trend of decreasing capture with increasing 
peak tanperature still exists. 

The probable reason for the increased capture values and redoced dependence 
of sulphur capture on flame temperature can be seen in figure 13. 

When the sorbent is mixed with the staging air, the jet containing the 
sorbent is heated by entrairltlent of both external recirculation and flame 
gases and as can be seen in figure 13, the temperature of the bulk of the 
staging air is much colder than the flame. In general, the ter.perature of the 
tertiary air jet for these flames reaches a maximl.JTI at approximately the same 
tanperature as the external recirculation gases. It is believed that an 
indirect relation between peak flame tanperature and sulphur capture arises 
because a portion of the staging air jet does mix directly with the flame and 
also some calcium carried back in the external recirculation zone is 
entrained directly into the high tanperature flame zone between the staging 
air jets. 

When the flame temperatures are low as in figure 13c, then the benefit of 
injecting the sorbent in the tertiary air is decreased, and high capture 
values can be obtained when the coal and calcium are premixed. 

3.2.2 Effect of sorbent ti'e= 

Another important parameter that has been found to control the 502 capture 
efficiency of the calcium sorbents is the sorbent type. In figure 14, the 
results of tests with various caco3 sorbents and a calciu:n hydroxide are 
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shown. Typically ca(OH)2 gives twice the capture of CaC03 hased sorbents. It 
is believed that this property can be attributed to a greater active surface 
of the calcined hydroxide when compared to the carbonate. 

3.2.3 Effect of fuel type 

The measured S02 redu:::tion when a calcium hydroxide sorbent was injected into 
a staging air stream of various liquid, solid, and gaseous fuels is shown in 
figure 15. In general, these results can be explained by the measured peak 
fiame temperatures and/or the sulphur content of the fuel. With fuels 
containing a high sulphur concentration and those g1v1ng lower flame 
tanperatures, the sulphur capture was high. w1ien flame temperatures were high 
or when the fuel sulphur content was low then the capture efficiency was 
redu:::ed. 

Particularly when the sorbent is injected so that the majority of the calcium 
passes around the high tanperature flame zone there is no evidence that fuel 
mineral matter plays an important role. 

3.2.4 feet of excess air 

with Gardanne coal the excess air was varied fran 5% (with unwashed coal) up 
to 50%. Figure 16 indicates that for the washed coal a high excess air has a 
strong beneficial effect on the 502 capture when Ca(OH)2 is used irrespective 
of the sorbent injection mode: the S02 capture is increased by a factor 1.4 
to almost 2 when the excess air factor is increased fran 15 to 50%. .Axial 
flame temperature measuranents were taken for these three excess air levels 
in order to ensure that this p:>sitive effect was not the result of a 
decreased tanperature at high excess air. The same beneficial effect of a 
high excess air on S02 capture was also observed with "natural retention" as 
seen in figure 16. The unwashed coal was fired at very low excess air (5%) 
and the natural retention dropped dramatically fran 43% at 15% excess air to 
20% at 5% excess air. With 50% excess air the natural retention increased to 
50%. The same trend was again observed when supplementary injection of 
Ca(OH)2 was carried out and figure 16 shows the same effect of excess air for 
washed and unwashed coals, for natural or artificial retention and for 
different sorbent injection modes. 

3.2.5 Effect of SRl 

one of the major objectives of the pilot plant scale experimental "WOrk was to 
investigate the ef feet of staged combustion upon the eff ic:iency of S02 
capture. The results indicate that based on the time-temperature or chemical 
history of the sorbent particles when mixed with the coal, staged flames 
generally do not have a direct advantage when compared to non-staged flames. 
The advantage to staging the combustion air is that it allows the sorbent to 
be inJected in the staging air and thus the sorbent can bypass, at least 
partially, the high temperature flame zone. 

4. EXTENSION TO LARGER SCALE 

Although uncertainties about temperatures fields and flame interaction and 
mixing in large multi-burner water tube boilers make direct extension of 
bench and pilot scale to the large scale difficult, by using sane general 
information about large boilers and the pilot scale data available fran the 
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IFRF and other organizations, sane conclusions about the best method of 
sorbent injection into large boilers can be drawn. 

In wall-fired bituminous coal boilers the following general observations are 
supported by either experimental data or modelling considerations. 

- For large burners (> 30MW) , the high temperature flame zone is much longer 
and gases/solids are in-flame for a longer time than the 2.SMW flames at 
the IFRF scale. 

- Sane mixing of gases between burners will occur. 

These two observations would indicate that most of the gases/solids 
travelling through the canbustion zone of a boiler are at temperatures above 
that at which sulphation will occur and dead burning can redoce the sorbent 
reactivity, i.e. T > 1200 C, so that when the tanperature drops below 1200 C 
the capture efficiency will be reduced. It is uncertain if putting the 
sorbent into tertiary air streams around the burner will be as effective on a 
large boiler as in the IFRF furnace due to mixing of products between 
different burner rows. 

The bench scale results have shown that when the sorbent is injected into an 
optimun tanperature region, 1000 C < T < 1100 c. Both calcination and 
sulphation can be fast, being virtually complete in less than 600rns. The 
apparent speed of both the calcination and sulphation ceactions inside the 
narrow tenperature range suggests that sorbent injection in the upper furnace 
zone, at a f()si tion where the temperature is about 1H30 C would perhaps be 
the most favourable injection position. However, if this is to be successful, 
good and fast mixing between the sorbent and ccr:ibustion prodirts must also be 
achieved. 

5. CONCLUSIONS 

- With a caco3 based sorbent the calcination rate was strongly dependent on 
temperature. In order to achieve a 50% calcination level of about 50rns was 
required at 1100 C, 80ms at 1000 C and 250ms at 900 C. '#Jove 1200 C the 
calcination rate was extranely fast. 

- With a ca(OH)2 sorbent, calcination was virtually complete in about 50ms 
for temperatures ranging from 700-1300 C, but caco3 was found to form 
quickly to an anount in correspondence with thermodynamic equilibrium; 
almost 60% at 700 c, 25% at 900 C and 15% at 1100 C. When 502 was present 
there appeared to be a competition between cao ccmbination with C02 to form 
caco3 or with sulphur to form caso3 or caso4. 

- The bench scale tests have thus far shown that sulphation is also a 
relatively fast reaction when the gas temperature is between 1000 C and 
1100 C approaching an asymtotic value after about 500-600:ns. calcium 
utilization values of at least 20% for caco3 and 35% for ca (OH)2 appear 
obtainable under the correct temperature conditions and gas envirorments 
within this residence time. work is continuing to determine better the 
utilization level potentially obtainable for different type carbonate, 
hydroxide and dolomite sorbents. 

- When burner and furnace conditions ~re such to give a peak flame 
temperature of only 1250 C or when the sorbent was injected in an air 
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stream outside the flame, calcillll utilization figures of greater than 25% 
for CaC03 and 35%-40% for Ca(OH)2 have been achieved in 2.SMW pilot plant 
scale tests. 

- Due to the high tenperatures expected in large bituminous coal boilers and 
the complex mixing between burner rows and the fast potential calcination 
and sulphation rate at temperatures between 1000 C and 1100 C, sorbent 
injection in the upper furnace zone in a large boiler appears to be 
favourable. 
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Heavy 

Fuel type 
Saar Gardanne fuel Delayed 

washed oil Coke 

Prox:inate H20 % 1.6 - - -
analysis Volatile %dry 31.95 44.0 - 9.1 

Ash %dry 7.9 8.4 - -
I.DJ MJ/kg dry 29.5 27.9 39.6 34.6 

Ultimate Total C % dry 73.88 71.13 85.5 89.4 
analysis 0 10.97 8.55 - l. 79 

N 1.64 1. 70 0.61 1.46 
H 4.72 4.85 10. 27 3.34 
s 0.90 5.34 3.41 3.38 

Ash Cao 8.51 20.45 - -
canposition Si02 40.29 22.10 - -
% of total ash Al203 22.04 12.5 - -

Fe203 15.38 14.95 - -
MgO 2.49 3.20 - -
Ti02 1.06 0.60 - -
Na20 0.48 0.40 - -
K20 1.87 0.70 - -
P205 - 2.24 - -
503 7.25 22.45 - -

I 

Sorbent bJPe Ca(OH)C-2 caco3 caco3 Shale 
l 2 

Ccrbustibles 7.2 - - -% dry 

cao %wt. 73.91 55.03 53.2 48.6 
:-lgO 0.47 0.48 l.0 1. 75 
Si02. 0.65 0.56 2.0 1.65 
Al203 0.34 0.15 0.1 0.95 
Fe203 0 .13 0.09 0.3 2.0 
Mn304 0.03 0.03 - 0.13 
Na20 - - - 0.45 
K20 - - - 0.1 
Ti02 - - - 0.1 
P205 - - - 0.16 
503 0.04 - - 5.1 
0)2 0.81 43.64 43.2 39.0 
H20 23.18 - - -
Density kg/l 0.360 1.02 0.8 -
Specific area 13-32 3.52 - -Brr M2/g 

TABLE 1 - FUEL AND SORBEm' A.\00..YSI:S 
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DEMONSTRATION OF BOILER LIMESTONE INJECTION IN AN INDUSTRIAL BOILER 

ABSTRACT 

C. E. Fink, N. S. Harding, B. J. Koch, 
D. C. McCoy, and R. M. Statnick 

Conoco Coal Research Division 
Library, Pennsylvania 

and 
T. J. Hassell 

E. 1. Du Pont de Nemours and Company 
Engineering Service Division 

Wilmington, Delaware 

Consolidation Coal Company (Consol), through its Research & Development arm, 
Conoco Coal Research Division, made a commitment to expedite the developrrent of 
Boiler Limestone Injection technology (BL!) via demonstration in a Du Pont boiler 
(110,000 lb/hr of steam) during the surrmer and fall of 1984. The goal of the 
program was to demonstrate the technical and economic viability of both LIMB and 
LI (injection above the burner zone) as low cost retrofit S0 2 control 
technologies, while burning a Consol Northern West Virginia high-sulfur coal. 
Technical objectives included S0 2 removal capability with fifty percent as a 
mininium target, boiler operability issues, and ESP impacts. Cofl'lmercial low-NOx 
burners purchased from Foster Wheeler Energy Corporation were used in the LlMIJ 
testing. Research-Cottrell supplied an electrostatic precipitator and 
humidification system. The derr.onstration program, test equipment, 
preliminary results, and BLI economics are described. 

INTRODUCTION 

With the passage of the 1971 Clean Air Act, stringent environmental regulations 
were applied to existing boilers through State Implementation Plans. 
Additionally, the current debate concerning federal 11 acid rain 11 control further 
indicates the need for a low cost, retrofit sulfur dioxide (S0 2 ) control 
technology. In the case of New York State, an acid rain bill was passed into law. 

Conoco Coal Research Division (Conoco) is corrunitted to evaluate, develop, 
demonstrate, and/or commercialize cost effective S0 2 compliance technologies. The 
strategy is to create a suite of retrofit S0 2 abatement technologies because no 
one process will be the panacea for all coal users. Site-specific economics 
dictate appropriate S0 2 control strategy for each coal application. Boiler 
Limestone Injection (BLI) is emerging as one potentially cost effective approach 
to 50 2 control for high-sulfur coal applications. 
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Jn 1982, Conoco conducted a detailed review and economic comparison of retrofit 
50 2 control technologies which included wet limestone/lime FGD, spray dryer FGD, 
coal cleaning, and BLI. Conoco concluded BLI had potentially attractive econorrics 
for cases requiring up to 50% 50 2 removal, but major technical uncertainties 
existed for applications to U.S. coals and to U.S. boilers. The most critical 
issues were 50 2 removal capability in a large utility boiler and possible boiler 
operability problems including derate of generation capacity or significant loss 
in boiler efficiency. Furthermore, the impact on ESP performance could dictate 
additional particulate removal equipment at a cost which could eliminate any 
potential economic driving force for BLI. (An economic comparison of BLI to 
conventional FGD is described later in this paper.) 

The simplicity and the potential low capital costs of BLI were sufficiently 
attractive for Conoco to commit to a development and demonstration program 
specifically designed for the application of BLI to Consol coals. The overall 
goal is to expedite the comffiercialization path of BLI. 

The first phase of the prograw involved Bll screening tests in the Conoco 
1.5 MM Btu/hour pilot-scale combustor located at Library, Pennsylvania. The 
objectives of these tests were to determine practical ranges of S0 2 r.emoval as 
well as identify any major radiant-section slagging or convection pass solids 
build-up (fouling) problems. A Consol Northern West Virginia coal containing 
about 2.5% sulfur~ 6.5% ash, and 13~800 Btu/lb was the main coal tested. ·The 
results were: 

t Achieved up to 70% S0 2 removal at a limestone based Ca/S molar ratio 
of 3.0, 

t Observed no signs of harmful slagging or fouling deposits, and 

t Quantified the strong residence time/temperature relationship for 
$0 2 removal. 

This work was supported by extensive Conoco laboratory efforts to better 
understand the chemistry of limestone injection. (The details of the pilot-scale 
combustor results will be presented at the SME/AIME Conference in New York in 
February, 1985.) · 

With these encouraging results, Consol agreed to support a BLI demonstration at 
the Du Pont Martinsville, Virginia plant. The goal was to establish technical and 
economic viability of both limestone injection integral with multistage burners 
(LIMB) and limestone injection into other locations in the boiler (LI). The term 
"LIMB" is used in this paper to generally describe injection integral with the 
burners although LIMB originally described a specific method of limestone 
injection using the EPA Distributed Mixing Burner. 

DE~ONSTRATION EQUIPMENT 

A simplified schematic of the BLI equipment layout at Martinsville is shown in 
Figure 1. The system consists of limestone handling, limestone injection, 
particulate collection, and solids disposal. 

Limestone Handling 

The limestone handling system was designed 
Pulverized li~estone (>70% minus 200 mesh) 
pneumatically transferred into the limestone 
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capacity was 45 tons. (In a commercial operation, it will normally be more cost 
effective to pulverize on-site rather than purchase pre-pulverized limestone.) 

The limestone was purchased locally on a specification of ~90% CaC0 3 and less than 
5% MgC0 3 • Final selection was based on 50 2 removal capability as measured in the 
Conoco pilot-scale combustor and limestone surf ace areas as determined in the 
Conoco laboratory. 

Two gravimetric feeders conveyed the limestone from the storage bin to the 
pneumatic transfer system. Each feeder operated independently and could feed from 
0 to 4000 pph of limestone (equivalent to a Ca/S ratio of 4.0). The limestone 
from each of the gravimetric screw feeders passed through a rotary valve into a 
4-inch diameter transfer pipe. The transfer 1 ines were both equipped with a 
positive displacement, lobe-type air blower. The blowers were designed to 
maintain a pick-up velocity of 60 to 75 ft/sec. 

The limestone was pneumatically conveyed about 300 feet through two 4-inch lines 
from the limestone handling area to the boiler. The limestone was then split to 
the various burner injection and LI configurations by a series of splitters. 

The limestone handling system was simple to start and shut down. The limestone 
addition rate was controlled by setting the desired Ca/S ratio using the Du Pont 
powerhouse computer control system. The set point for the limestone gravimetri~ 
feeders was then automatically changed based on the boiler steam load. 

Limestone Injection 

The host boiler was a pulverized coal, wall-fired, 3-steam drum, Sterling-type 
boiler built in 1941 by Combustion Engineering. The boiler rating was 
110,000 lb/hr steam at 545 psi and 720°F (15 MW electrical equivalent assuming a 
10,000 Btu/kWh heat rate). A schematic of the boiler is shown in Figure 2. The 
boiler was equipped with steam soot blowers for the superheater and boiler tubes. 
Since the radiant section had no soot blowers, it was necessary to hand lance the 
screen tubes and the radiant section tubes with 100 psig air. For a permanent BLI 
installation, additional soot blowers would have been installed for these tubes as 
we 11 • 

Although the Du Pont boiler did not have a conventional 11 nose, 11 a reheat section, 
or a Lungstrum regenerative air heater as in a typical utility boiler; the tube 
spacings in the convection pass were as tight or tighter than most utility boilers 
(Table 1). Consequently, the effect of additional solids loading on the heat 
transfer sections gave a good indication of utility boiler operation. Moreover, 
since the radiant section temperature profiles of this boiler were representative 
of many utility boilers as indicated by the full-load furnace gas exit temperature 
of 2100°F, 50 2 removal capability should simulate performance in a larger boiler. 

The only coal tested during the BLI demonstration was the same Consol coal tested 
in the Conoco pilot-scale combustor program. i.e., 2.5 ±0.3% sulfur, 6.5% ash, and 
13,800 Btu/lb as-burned. 

Both LIMB and LI S0 2 removal techniques were evaluated during the demonstration 
program. For LIMB, four new multistage low-NO burners were installed during an 
annual boiler turnaround in April and May of 19S4. The new burners were purchased 
from Foster Wheeler Energy CorRoration and were the commercially available 
Controlled Flow/Split-Flame model. 1 Each burner had a nominal heat release ratino 
of 40 MM Btu/hr. Burners for utility installations would be almost identical in 
design but 100 to 300 MM Btu/hr capacity. 
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Boiler performance with the test coal was evaluated during a coal-alone baseline 
run in October of 1983 with the old burners. The new burners were tested with and 
with out 1 imestone addition in June through September, 1984. Foster Whee 1 er 
assisted Conoco during the baseline and LIMB portions of the testing program. 

In the limestone injection (LI) mode, limestone was injected into the boiler at 
three different elevations on the wall opposite of the burners and on the side 
walls (Figure 2). The different ~levations represented different gas temperature 
regions and different residence times. During the LI portion of the testing 
program (in progress at this time), a parametric test matrix included the 
following variables: injection elevation, number of injectors (maximum of six), 
injection depth, injection velocity, and injector tip design. The effects of gas 
temperature at the injection location, residence time, and limestone distribution 
were a function of these independent variables. 

The LI approach is an alternative to LIMB, especially for boilers where the burner 
heat release rate is sufficiently high that the resulting furnace gas temperatures 
exceed the gas temperature application limitations of burner injection, i.e., a 
furnace gas exit temperature greater than 2300°F. The application of LI is boiler 
specific, ar.d the following two points must be addressed: 

1. Is there sufficient residence time available in the optimum 
temperature window for S0 2 capture at cost effective limestone 
utilizations? 

2. Can a LI system be designed for limestone distribution which results 
in intimate mixing with the flue gas in a particular utility boiler? 

These issues should be further clarified when the Martinsville data are fully 
analyzed and engineering judgement applied to the limestone distribution issue. 

Particulate Collection 

As shown in Figure 1, a 3000 to 5000 ACFM slipstream portion of the boiler flue 
gas was diverted after the induced draft (I.D.) fan to a pilot-scale 
electrostatic precipitator (ESP). Nor~ally, the flue gas from the boiler goes to 
a baghouse which is cormnon for all Martinsville boilers. The ESP system was 
added because most utility coal users have ESP's rather than baghouses. The ESP 
was supplied by Research-Cottrell, a leading manufacturer of particulate control 
equipment. The ESP consisted of two fields which yielded a total equivalent 216 
SCA at 4000 ACFM. The plate and wire configuration was typical of pre-1971 
installations designed for high-sulfur coal applications. 

With the addition of limestone, which is converted to lime and calcium sulfate in 
the boiler, the ESP inlet particulate grain loading increases substantially along 
with the resistivity of the particulates. Both aspects have a negative impact on 
the ESP performance because of its constant efficiency characteristic and its 
natural dependence on electrical properties of the particulates. ESP emissions 
could increase by a factor of ten or more. 

For our testing program, Research-Cottrell supplied a humidifier as a means to 
compensate for both the increased loading and resistivity effects. The 
humidification or evaporative cooling approach had three benefits: 2 

1. Cooling of the flue gas resulted in lower gas volume which means a 
higher effective SCA for the precipitator. 
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2. Cooling of the flue gas allowed enhanced electrical energization of 
the ESP. 

3. Cooling and humidification reduced particulate resistivity as 
observed in dry scrubbing applications. 3 

Pulsed energization 4 was also studied to address the high resistivity problem 
associated with BLI. Since pulsed energization does not compensate for the 
increased particulate loading, it must be used in combination with humidification 
or some other means of flue gas conditioning to obtain coal-alone base level 
emissions. 

Solids Disposal 

The Martinsville plant used a water-hydrovac system for both fly ash and bottom 
ash. The Du Pont hydrovac ash removal system was modified to alleviate the 
problems experienced during the TVA Shawnee limestone injection test in the early 
1970 1 s. 5 When the lime modified fly ash is exposed to water, it has pozzolonic or 
cement-like properties. A pneumatically driven ram device was installed in the 
hydrovac inlet piping to clear any solids build-up in the hydrovac throat. The 
number and diameter of the hydrovac water nozzles were also increased to provide 
increased conveying capacity. 

The li~estone/lime/calcium sulfate/coal ash slurries _from 1rfe bottom ash, ESP, and 
baghouse were then sluiced to a settling/surge Hypalon -lined pond which was 
constructed for these tests. The pond had sufficient residence time (mini~um of 8 
hours) to settle the solids. The supernate from this pond had a pH of greater 
than 11 and required neutralization with concentrated sulfuric acid to comply with 
plant effluent pH specifications. The neutralized overflow was then channeled to 
the existing main ash pond. 

The high cost involved with ponding and neutralization would normally dictate dry 
solids disposal for large-scale, long-term operation. For these tests, 
site-specific requirements made the ponding/neutralization approach more 
economical. 

PROGRAM OBJECTIVES 

The technical objectives of the demonstration program covered S0 2 re~oval 
capability, boiler operability issues, and ESP impacts. 

S0 2 removal capability was studied over the operating range of the boiler within 
reasonable limestone addition rates as dictated by economic constraints. Fifty 
percent 50 2 removal was the target for both LIMB and LI. Operating range of the 
boiler included fifty percent load to full load. Testing was limited to a maximum 
limestone addition rate equivalent to a 3.5 Ca/S molar ratio. The use of four 
burners (two rows of two burners each) permitted the study of burner-to-burner 
interaction on S0 2 removal capability which had not been fully addressed on 
pilot-scale combustor units. 

Boiler operability issues such as potential derate or substantial loss in boiler 
efficiency were major concerns going into the demonstration program. For every 
four to five tons of high-sulfur coal burned in a boiler~ about one ton of 
limestone is required for 50% S0 2 rew.oval. A big question mark with BLI was 11 how 
would these additional sol ids affect the heat transfer surface areas in the 
radiant and convection pass sections?" 
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The impact on ESP performance and the effectiveness of particulate emission 
mitigation techniques are critical to the process economics of BLI. The addition 
of a new ESP or baghouse could double the capital cost requirements of BLI. 6 

PRELIMINARY RESULTS 

Since the demonstration program is still ongoing at this time, only preliminary 
data and conclusions are presented here. Further reduction of the data is 
required before detailed analysis can be reported. Full material balances will be 
presented in a future paper. 

LIMB Testing 

Baseline boiler testing on the high-sulfur Consol coal without limestone addition 
was performed with the new burners during June and July, 1984. During this 
period, the burners were tuned for optimum low-NO and burner flame conditions. A 
NOx level of 0.4 lb/MM Btu was achieved and subse~uently maintained throughout the 
LIMB testing program. 7 

LIMB testing began in mid-August and was completed at the end of September. 
Testing was around-the-clock on a seven-days-a-week basis. The testing was made 
in two phases: screening/optimization tests and longer term tests. 

a. S0 2 Reduction 

After several weeks of screening and optimization tests, 50% S0 2 
reduction was demonstrated at a Ca/S molar ratio of 2.5 to 2.75 
during a three-day run. Equivalent calcium utilization was about 
18% to 20%. During the LIMB screening and opti~ization tests, best 
calcium utilization resulted while injecting limestone into only 
the top two burners. This mode of injection was then used during 
the long-term runs. 

50 2 reduction (measured by S0 2 analyzer and modified EPA Method 5) 
was a strong function of Ca/S ratio and boiler temperatures, which 
vary both with boiler steam load and cleanliness of the boiler. 

S0 2 removal data were collected between Ca/S ratios of 1.5 and 3.5. 
The calcium utilization decreased slightly as the Ca/S ratio was 
increased in agreement with work by others.B 1 9rlO An exact 
corre 1 ati on was difficult to determine because of the background 
interference caused by the change in load and the cleanliness of the 
boiler as measured by the solids build-up rate on the heat transfer 
surface areas. For example, as boiler load was decreased from 
110,000 lb/hr to 50,000 lb/hr (half load), S0 2 reduction increased 
to over 60% at a Ca/S ratio of 2.5. 

The impact of boiler cleanliness on 50 2 removal is illustrated in 
Figures 3 and 4. In Figure 3, S0 2 reduction is plotted versus 
time. With clean tubes at time zero, S0 2 removal was 55L As 
illustrated in Figure 4, as the heat transfer surface areas were 
covered with deposits, the flue gas temperature increased. The 
boil er gas ex it temperature increased unt i 1 after four hours soot 
blowing was required as dictated by the steam superheat temperature 
alarm point. With these higher boiler gas temperatures, 50 2 
removal dropped off to about 50%. When soot blowing and hand 
lancing were not performed for a 14-hour period, as shown in 
Figure 3, 50 2 removal dropped off to 42%. 
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b. Boiler Operability 

The addition of limestone did not cause any boiler derate as 
110,000 lbs/hr steam was achievable while removing 50% S0 2 • Also, 
no significant loss in boiler efficiency was measured during these 
conditions. 

With the addition of limestone, the inert solids loading in the 
boiler increased by a factor of about three compared to coal-alone 
baseline tests. (At full boiler load, about 2200 lb/hr of 
limestone was required to achieve 50% S0 2 removal.) Based on 
visual observations, the solids deposition rate on the radiant and 
screen tube sections of the boil er a 1 so increased by a factor of 
three when limestone was added at a 2.5 Ca/S ratio. The tube 
deposits were very friable and easily soot blown, and increased 
boiler cleaning frequency maintained steam cycle and boiler exit 
temperatures within control limits as illustrated in Figure 4. 
Comparisons of frequency of convection pass soot blowing and boiler 
hand lancing plus ash pulling duration are shown in Table 2 for 
operation with and without limestone addition. The radiant section 
of the boiler required the most dramatic impact in cleaning cycles, 
which increased from once per day to four times per day. 

Limestone injection testing began on October 1 and was limited to a 30-day testing 
period. Preliminary results supported the earlier pilot-scale observations that 
S0 2 removal is a strong function of injection location and injection methods. 
About 50~~ S0 2 removal was achieved at a Ca/S ratio of 2.5 while operating at about 
80% of full boiler load. For the Martinsville boiler, preliminary data also 
indicated that calcium utilization was slightly lower during best LI conditions 
compared to LIMB operation. Further testing is in progress to determine if either 
residence time and/or limestone distribution is the cause for the difference in 
results. 

Boiler operability impacts appear to be less with LI operation compared to LIMB 
operation because of a reduced solids deposition rate in the boiler radiant 
section. Other impacts are similar to LIMB operation. 

Boiler Inspection 

After two months of semi-continuous limestone addition, the boiler was shut down 
in mid-October and thoroughly inspected for any erosion, corrosion, or pluggage. 
No unusual solids deposits, corrosion or erosion were found. Even though no 
catastrophic short-term effects were evident, a much longer period of operation, 
i.e., six months to one year, is required to demonstrate lack of problems in a 
utility boil er. 

Particulate Collection 

The additional lime and calcium sulfate material from the test boiler presented no 
problems to the Martinsville baghouse. Some plugging problems were experienced, 
however, when the lime-modified fly ash from the baghouse ash hoppers was 
inadvertently wetted and allowed to deposit in the ash removal pipi!"g. Other 
plugging problems were experienced in the vacuum side of the hydrovac systerr 
indicating that additional conveying capacity may be required. 
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As previously discussed, limestone addition creates problems with ESP operation, 
and mitigation control techniques are required to avoid installing costly 
additional ESP plate area or a new baghouse. While operating at a 2.5 Ca/S ratio, 
the particulate loading increased by a factor of three and the resistivity 
increased from a satisfactory level of 1090hm-cm to a more troublesome level of 
2x10 11 Ohm-cm. As a result, the ESP particulate emissions increased by a factor 
of 8.4 when compared to operation with only the coal fly ash. This emission is 
approximately equivalent to burning a coal having an ash content of 37%. 

The results of the pilot-scale ESP tests are suw.marized in Table 3. ESP 
performance is expressed in two ways: 

1. The relative emission rate expressed as a fraction of the 
particulate emissior.s experienced during the boiler limestone 
injection case with the ESP alone. 

2. The equivalent coal ash content which relates the emission to a 
hypothetical high-sulfur coal only, unaltered ESP case. 

Baseline tests with coal-alone showed particulate collection efficiencies in the 
98% to 99% range, levels typical for a full-scale unit. 

Two potentially cost effective technologies, pulsed energization and 
humidification, were tested as control strategies to improve the particulate 
emission level. These technologies were tested independently and in conjunction 
with one another. 

Humidification in combination with the use of low ash coal was the most effective 
mitigation strategy, reducing the boiler limestone injection base emissions by a 
factor of four (relative emissions rate of 0.24). The emissions for this case 
were equivalent to burning a 123 ash coal in the boiler. Further emissions 
reduction is expected for full-scale units where the existence of additional ESP 
electrical fields should reduce the impact of gas (and sol ids) bypassing and 
particle re-entrainment. For example, a six percent bypass would accourt for the 
difference in emissions between the coal-only and the BLI plus humidification 
cases. 

Pulsed energization in combination with a low ash coal overcame the penalty 
resulting from high particulate resistivity improving. the baseline boiler 
limestone injection emission by a factor of 1.7 {relative e~ission rate of 0.58). 
This emission is equivalent to feeding high-sulfur coal having an ash content of 
25%. 

These preliminary ESP results are based on screening tests. Longer term 
confirmation runs were made during the long-term LI testing program in late 
October. 

Conoco also evaluated S0 2 reduction potential across the ESP by operating the 
humidification process at a closer approach to dew point than would be required 
for particulate removal alone. (A la spray dryer FGD.) Results are too 
preliminary to report at this time. 

Solids Disposal 

The solids wastes (lime/calcium sulfate£modified fly ash) generated during this 
test program were settled in the Hypalon -lined pond as discussed previously. The 
solids will be covered with fly ash and landfill, and the area will be reclaimed. 
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The issue of solids disposal in a commercial installation must be addressed on a 
site-by-site basis. The preferred and probable method will be dry disposal and 
would be similar to handling waste solids from a FBC or spray dryer FGD system. 
Conoco is actively studying this area. Several drums of lime/calcium 
sulfate/modified fly ash were provided to the Electric Power Research Institute 
(EPRI), who plan to evaluate the disposal implications of BLI created wastes in 
1985. 

BLI ECONOMICS 

Conoco has completed a 500 MW economic comparison of BLI and conventional wet lime 
or limestone FGD for utility retrofit applications using a 2.5% sulfur coal 
(Figure 5). The costs are plotted on a dollars per ton of S0 2 removal basis to 
compare processes which have different S0 2 removal efficiencies. Both BLI and FGD 
economics were determined on a consistent basis so relative costs are comparable. 
Absolute dollars were intentionally left off the figure to avoid debate over the 
assumptions and bases of economic analysis. Capital costs are represented by the 
crosshatched portion of the bars. O&M costs are the remaining portion. 

Two bars are shown for the wet FGD approach. The main difference between the FGD 
bars reflects the degree of difficulty in retrofitting an FGD system into ~n 
existing power plant. The 11 easy" retrofit represented by the left bar would 
reflect ample space available and no major equipment relocation. The right bar 
would reflect a "difficult" retrofit installation representing a congested 1 imited 
space scenario. The difference between these two cases could be a factor of two 
in capital costs. 

The main assumptions for the BLI case were: 

• 50% so2 removal at a Ca/S ratio of 2.5. 

• No major boiler modifications required other than new burners or LI 
injection equipment. 

• No major ESP modifications; that is, humidification plus new 
rappers, ESP controls, etc. are sufficient. 

• Limestone at $12.50/ton delivered and waste disposal at $7.50/ton. 

The main cost driving force of BLI compared to conventional scrubbing techniques 
is the potentially lower capital requirements. The 11 easy 11 and 11 difficult" FGD 
cases require about 70% and 220% more capital, respectively, compared to the BLI 
scenario. On a total cost basis, BL! is about 25% to 50% lower than the FGD 
cases. 

As with all S0 2 abatement strategies, BLI costs are very site specific. Since 
limestone and disposal costs account for about 45% of the total costs, the 
attractiveness of BLI is a strong function of these site specific factors. 

In summary, BLI looks extremely attractive compared to conventional scrubbing if a 
plant has a favorable limestone supply and solids disposal situation or if the 
plant has a difficult FGD retrofit problem. Obviously, the boiler must have a 
satisfactory temperature/residence time profile for BLI to be effective before 
these other site-specific factors can even be considered. 
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CONCLUSIONS 

Based on the analysis of preliminary data from the boiler limestone injection 
demonstration at Martinsville, it is concluded: 

1. 50% 50 2 removal is achieved at a Ca/S molar ratio of 2.5 to 2.75. 
while operating the boiler at full load. S0 2 removal increases at 
lower loads. 

2. LIMB appears to yield slightly better limestone utilization than LI. 
It may be preferable in a commercial installation unless high burner 
heat release rates make LIMB non-practical. 

3. S0 2 remova 1 with BLI is very sensitive to radiant sec ti on 
temperature profi 1 es caused by either changes in boil er 1 oad or 
cleanliness of the heat transfer surface areas. 

4. BLI, both LIMB and LI, did not adversely impact boiler operability 
in terms of boiler derate or efficiency. 

5. Bll did require changes in operating procedures, i.e., increased 
soot blowing, lancing, and ash hopper pulling duration. For a 
permanent installation, lancing could probably be avoided by the· 
installation of additional soot blowers. 

6. Hurni d if i cation of the flue gas from BLI operations reduced the 
emissions from the pilot-scale ESP to an acceptably low level 
(equivalent to burning .123 ash coal without BLI). Lower relative 
emissions, approaching those corresponding to burning 6.5% ash coal 
without BLI. are anticipated in full scale ESPs which have more 
electric fields. Without mitigation techniques, BLI caused ESP 
particulate emissions to increase by a factor of eight, due to both 
the increased resistivity and the increased particulate loading. 

7. Al though it was successfully demonstrated that settling and 
neutralization could be implemented to comply with local water 
quality standards, dry disposal of the lime/calcium sulfate/modified 
fly ash is recommended because of economic considerations. 

8. Projected BLI costs are attractive compared to conventional wet lime 
or limestone FGD if site specific limestone supply and solids 
disposal costs are favorable or if the FGD retrofit is difficult. 
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Figure 3 
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TABLE 1 

DEMONSTRATION BOILER TUBE SPACINGS 

BOILER TUBE BANK 

Screen Tubes 

Superheater Tubes 

Boiler Tubes 

Economizer Tubes 

Air Preheater 

CLEARANCE BETWEEN 
TUBES, INCHES 

3.75 

1.25-2.25 

3 

1 

2.25 O.D.* 

*Flue gas flows inside the tubes: air outside. 

TABLE 2 

IMPACT OF BLI ON BOILER OPERABILITY 

Frequency of Soot Blowing and Radiant Wall/Screen Tubes 
Cleaning Cycles and Ash Hopper Pulling Duration 

OPERATION 

Soot Blcwing Frequency 

Radiant Wall/Screen Tubes 
Lancing Frequency 

Ash Hopper Pulling Duration 

COAL-ALONE DURING BLI 

once/shift twice/shift 

once/day four times/day 

base time three times base 

TABLE 3 

PARTICULATE COLLECTION PERFORMANCE 

EQUIVALENT 
RELATIVE HIGH-SULFUR 
EM! SS ION COAL ASH 

TECHNOLOGY ASH TYPE l RATE2 CONTENT ( ~q 

ESP 

ESP 

ESP 

ESP 

Coal Alone 0.12 6.5 

Coal + BLI 1.00 37 

+ Pulsed Energization Coal + BLI 0.58 25 

• Humidification Coal + BU 0.24 12 

:rest coal contained 6.5% ash. 
2 Base case of 1.00 reflects ESP particulate emission level while 
operating with boiler limestone injection. 
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ABSTRACT 

PILOT-SCALE STIJDIES OF IN-FURNACE HYDRATED LIME 
INJECTION FOR FLUE GAS S02 EMISSION CONTROL 

G.F. Weber, M.H. Batman, and G.L. Schelkoph 
University of North Dakota Energy Research Center 

Combustion ard Envi rol1Tlental Research Division 
P.O. Box 8213, University Station 
Grarxi Forks, North Dakota 58202 

Simultaneous control of SOxlNOx emissions, derived frCJTl the canbustion of low-rank 
coal, is under investigation at the University of North Dakota Energy Research 
Center (UNDERC). Process development work has been performed on both bench-seal e 
and pilot-scale systems. Direct furnace injection of calcium-based so2 sorbent 
materials is the so2 control technique under evaluation. 

Furnace inject ion tests have focused on the direct inject ion of pressure-hydrated 
lime at flue gas temperatures ranging frCJTl 1500° to 3000°F (815° to 1650°C) 
foll owed by collection in a baghouse operated at temperatures up to 1000°F 
(540°C). Sorbent utilization values up to 55~ at a Ca/S roole.ratio of 1.0 have 
been observed. Eighty percent so2 reduction has been observed at Ca/S m:lle ratios 
of < 2.0. Sorbent utilization in the baghouse has never exceeded 10% for baghouse 
temperatures ranging from 800° to 1000°F (425° to 540°C). Residence time and the 
temperature regime of the sorbent inject ion location appear to be the critical 
parameters controlling so2 reduction and sorbent utilization. 

INTRODUCTION 
-

Recent national attention has focused on acid rain aoo its potential threat to the 
environment. Scientific groups and individuals across the country generally agree 
that acid deposition problems exist, but no consensus has been reached as to the 
severity of the problems, the deposition mechanisms, or the appropriate 
remedies. Proposals range fran immediate enactment of laws to reduce so2 and NO 
emissions from combustion sources to additional research studies of aci~ 
deposition phenCJTlena. 

The University of North Dakota Energy Research Center (UNDERC), formerly the Graoo 
Forks Energy Technology Center (GFETC), has been conducting flue gas 
desulfurization (FGD) studies since the early 1970 1 s. The first major FGD program 
pioneered the use of alkaline fly ash in a wet scrubber system to control so2 
emissions fran western coals. Fly ash alkali FGD studies were corrlucted both on a 
pilot-scale process development unit and a full-scale utility boiler (l,2,3). 
Approximately 4200-MW of western U.S. generating capacity currently employ the fly 
ash alkali process to reduce so2 emissions. A subsequent spray dryer FGD test 
program evaluated spray dryer/fabric filter FGD using twenty fly ashes fran 
lignite, subbituminous, and bituminous coals in a pilot-scale system (4). Direct 
inject ion of sodium-based so2 sorbents into canbustion systems was al so 
investigated. Nahcolite and trona were evaluated in a pilot-scale combustion 
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systen using a fabric filter baghouse (5). Both materials were capable of 
retaining 80% so2 with overall tests results similar to those reported by Muzio, 
et al (6). 

Pilot-scale evaluation of direct furnace injection of calcitic and dolanitic 
limestone and quicklime began at the fonner GFETC in early 1978 (7). Sulfur 
dioxide reduction ard sorbent utilization values did not exceed 16% for the 
limestone injection tests. The relatively low utilization of the limestone was 
probably due to an inadequate time/temperature profile necessary for react ion with 
so2 and poor development of the sorbent surface area. Maximum quicklime 
utilization was 32% at a Ca/S ratio of "'1.0. A DOE-sponsored field test on a 50-
MW utility boiler examined direct injection of limestone into boiler flue gas and 
into a burner operated in a low-NOx, staged-canbustion mode (8). Limestone 
utilization up to about 16% and so2 removal up to 47% were achieved. Samples of 
the resulting fly ash/calcined limestone mixture were subsequently found to be 
reactive in a spray dryer FGD process. 

Recent work at the UNDERC has focused on the development of a dry technique for 
s irnultaneous control of SOx/NO emissions fran 1 ow-rank coal derived flue gas. 
The approach canbi nes direct furnace inject ion of a cal cf um-based sorbent with 
particulate collection in a baghouse. Specifically, direct furnace injection of 
calcitic pressure-hydrated lime ard additive-enhanced calcitic pressure-hydrated 
1 ime are under evaluation for so2 control. Three NOx. control techniques have been 
or are currently under evaluation: 1) selective catalytic reduction (SCR) using a 
canmercial NHj/SCR reactor system installed downstream of a high-temperature 
baghouse (800 -1000°F, 425°-540°C), 2) collection of potential throwaway NDx 
reduction catalysts in a high-temperature baghouse with upstream NH3 injection, 
ard 3) additive addition to calcitic pressure-hydrated lime with suosequent NOx 
control occurring in a baghouse operated at conventional temperatures. This paper 
wil 1 focus on results fran so2 control experiments on pil at-scale canbustion 
systems. 

EQUIPMENT AND EXPERIMENTAL PROCEDURE 

Three canbustion systems were used during the pilot-scale studies: a propane-fired 
systen and two systems with natural gas- or pulverized coal-firing capabilities. 
The propane-ff red (PF) canbustor and the ash fouling (AF) canbustor were both 
operated using the high-temperature baghouse. The particulate test combustor 
(PTC) system used a baghouse operated at conventional tenperatures. A significant 
portion of the injection tests perfonned in the past year were conducted using 
calcitic pressure hydrated lime produced in a bench-scale batch pressure hydrator 
built and operated at the UNDERC. Equipment de script ions and general experimenta 1 
procedures are presented in the following paragraphs. 

Propane-Fired Combustor/High Temperature Baghouse System 

The propane-fired combustor system has two operating configurations, high
temperature ard low-temperature. This paper discusses only the high-temperature 
(PF/HTB) configuration. 

The high-temperature conf ig urat ion consists of: a propane-fired canbustor, 5 
annular heat exchangers, a 12-inch (30.5 cm) ID test section, a baghouse, and gas 
sampling instrumentation. Figure 1 provides a simplified diagram of the unit. 

The propane-fired combustor is a water-cooled refractory-lined system. Four 
stainless steel coils are embedded in the 6 inch ( 15. 2 cm) refractory wal 1 s to 
provide limited control of combustor outlet temperature. The cooling coils can be 
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operated in either a parallel or series configuration. The outer shel 1 of the 
combustor is 3/16 inch (0.48 cm} carbon steel. ,A sight port is located in the 
c001bustor trans it ion sect ion. Indicated c001bustor outlet temperature is nan~nally 
2700°F (1480°C} at a combustion air flow rate of 130 t 10 scfm (3.7 t 0.3 m /min} 
aoo 4% oxygen in the flue gas (on a dry basis). 

The ba~ouse is a pulse-jet fabric-filter type designed to operate at 130 scfm 
( 3. 7 m /min), aoo a temperature range of about 250° up to 1000°F (120° to 
540°C). A total of 12 cage mounted bags, each 4.5 inches (11.4 cm) in di arneter by 
8 feet (2.44 ~) in le~th, are hung fran 2 tube sheets providing a total filter 
area of 113 ft - (10.5 m ). 

The flue gas sampling system is capable of extracting the flue gas fran three 
locations in the system; post-combustor (SB No. 1), pre-baghouse (SB No. 2) and 
post-baghouse (SB No. 3). Flue gas is analyzed aoo data are recorded for oxygen 
(02), carbon dioxide (COz), sulfur dioxide (SOz), and oxides of nitrogen (NOx). 

Ash Fouling Combustor/High-Temperature Baghouse System 

The ash fouling c001bustor/high-temperature baghouse system ccmbi nes a c001bustor 
with natural gas- or pc-firing capabilities with the high-temperature bag house 
described previously. Figure 2 i1 lustrates some basic system c001ponents. The 
combustion chamber is approximately 30 inches (76 cm) in diameter, 8 feet (2.44 m) 
high, and is refractory lined. Combustion air is preheated with an electric air 
heater. Preheat temperatures to the combustor nonnal ly run from 700° to 900°F 
(370° to 480°C) depending on coal moisture. 

Utility grind (80% less than 200 mesh, (74 µm)) coal is produced in a hammer 
mi 11. The coal is then screw-fed fr001 a hopper into the throat of a venturi 
section on the primary air line to the burner at a rate of about 75 lbs/hr (34 
kg/hr). Numerous thennocouples and sorbent injection ports are located in the 
flue gas duct downstream of the combustor. A more detailed system description can 
be found in a previous publicatior (9). , 

Particulate Test Combustor System 

The particulate test canbustor system c001bines a canbustor with natural gas- or 
p~-firing capabilities with a baghouse or ESP operated at conventional 
temperatures. This 500,000 Btu/hr (126,000 Kg-cals/hr) c001bustor was designed 
specifically to generate fly ash representative of that produced in a ful 1-scal e 
utility unit. The PTC is illustrated schematically in Figure 3. The canbustion 
chamber is 24 inches (61 cm) in diameter, 8 feet (2.44 m) high, and is refractory 
1 ined. Vertical orientation of the c001bustor minimizes wal 1 deposits ark:! 
refractory lining helps to ensure adequate flame temperature for c001plete 
c001bust ion aoo prevents rapid quenching of coalescing or coooens i ng fly ash. The 
mean residence time of a particle in the cornbustor is approximately 3 seconds 
based on superficial velocity. Combustion efficiencies of at least 99%, based 
upon loss-on-ignition of the fly ash and absence of CO in the flue gas, are 
evidence that incanplete canbustion is not a problem with this test canbustor. 
Comparison of PTC-generated fly ash with fly ash collected from a full scale plant 
burning the same coal , shows no major differences. 

Three separate modes of operation are available with the PTC baghouse, ~ich is 
illustrated in Figure 4. The first is the shaker chamber which has 3 ccmpartments 
of 3 bags each for a total of 9 bags. Both shaker amplitude and frequency are 
adjustable. Bag cleaning is accanplished by taking 3 bags at a time off-line for 
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shaking. The air-to-cloth ratio for the shaker mode is approximately 3 ft/min 
(0.9 m/rnin). 

The other 2 modes of operation that are available both use cage-mounted bags. One 
of these is the pulse jet chamber which has 3 bags for an air-to-cloth ratio of 9 
ft/min (2.7 m/min). In spite of the high air-to-cloth ratio, available data 
indicates that it is possible to operate this chamber at high efficiencies and 
reasonable pressure drops. "T:he other chamber has 6 cage-mounted bags with an air
to-cl oth, ratio of 4.5 ft/min (1.4 m/min). This chamber uses low pressure 
expansion (reverse air) for cleaning. Cleaning is done on-line with 2 bags at a 
time being cleaned. 

The PTC baghouse is designed to operate at temperatures up to 800°F ( 427°C). 
However, for this work the operating temperature was limited to 300°F (150°C}. 
Each canpartment of the baghouse is equipped with heaters so that the baghouse may 
be preheated to prevent condensation during startup. A more detailed description 
of the PTC system can be found in a previous publication (10). 

Experimental Method 

After startup aoo stabilization of any of these canbustion systems, tests begin 
with pneumatic injection of the sorbent into the flue gas stream at a specified 
location with an adjustable screw feeder. Data collected during each test include 
system temperatures, static and differential pressures, fl ow rates, sorbent feed 
rate, and flue gas constituent concentrations (S02, o2, NOx., and co2). Samples 
collected during and after each test include sorbent feed, fly ash, baghouse 
hopper material, aoo coal (during pc-firing). Analyses of samples include surface 
area, particle size distribution, scanning electron microscopy, x-ray diffract ion 
(XRD}, x-ray fluorescence (XRF), and routine coal analysis. 

Bench-Scale Batch Pressure Hydrator 

The pressure hydrator currently in use is a bench-scale batch system capable of 
producing S lbs ( 2270 g) of pressure hydrated 1 ime per run. A schematic of the 
pressure hydrator is presented in Figure 5. The hi~ przssure air line 
pressurizes the water storage tank to 150 psig (10.3 x 10 N/m ). The storage 
tank is connected to the reactor chamber by a 0. 5 inch diameter ( 1.3 cm) sta i nl es s 
steel pipe. A bal 1 valve between the reactor and the storage tank controls the 
rate of flow of the water into the reaction chamber. The reactor consists of an 8 
inch (20.3 cm) schedule 80 carbon steel pipe that is 12 inches (30.S cm) long with 
carbon steel flanges capping both eoos. A paddle-wheel stirrer was installed in 
the reactor to mix the 1 ime and water thoroughly. The paddle wheel rotates at 2 
revolutions per minute. Eject ion of the hydrated product is accanpl i shed through 
a 1 inch (2.5 cm) stainless steel pipe and ball valve. An orifice plate, 
downstream of the ball valve, measures the gaseous flow rate of the reactor 
effluent. A nylon bag capable of collecting submicron size particles is clamped 
onto the pipe downstream of the orifice plate. 

For the batch operation of the pressure hydra tor, a known amount of 1 ime (-140 
mesh, 110 µm} is introduced into the reactor. The internal wall of the reactor is 
heated to 330°F ( 170°C). When the reactor is at the proper temperature, water is 
carefully added under pressure to the lime in the reactor. The water not reacted 
with the 1 ime is va~rized, increasing the reactor pressure to approximately 100 
psig (6.9 x 10 N/m ). Due to the exothennic hydration reaction, the reactor 
temperature rises to about 410°F (210°C). The pressure and temperature of the 
reactor are monitored on a strip chart recorder. 
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About 20 mi nut es after starting water inject ion, the reactor temperature levels 
off and begins to drop. At this point, it is assumed that all of the lime has 
reacted to the hydrated form. The hydrated lime is then ejected fran the reactor 
through a ball valve. The rapid ex pans ion of the water vapor trapped in the pores 
of the hydrated lime during ejection is responsible for the reduction in product 
p~rticle size. The gaseous flow rate is maintained at about 10 scfm (0.3 
m /min). At this point the submicron pressure hydrated lime may be collected in a 
nylon bag, or injected directly into a pilot-scale combustion system. 

DISCUSSION OF RESULTS 

Propane-Fired Combustor/High-Temperature Baghouse System 

Pilot-scale evaluation of direct in-furnace injection of calcium-based sorbents 
began in 1978. Results of those early tests indicated that better S02 reduction 
and sorbent utilization could be achieved with a hydrated lime than witn limestone 
or quicklime. 

Hydrated lime injection tests were performed to investigate the effects of flue 
gas injection point temperature, baghouse temperature, and Ca/S ratio on so2 
reduction. A canmercial slaked calcitic hydrated lime was the primary sorbent 
used with a few tests conducted with a canmerci al dolomitic hydrated 1 ime. Al 1 
the hydrated lime used during the test series was air classified to -325 mesh 
( <44 µm). 

Baghouse temperature, air-to-cloth ratio, and so2 levels were naninally constant 
at 900°F (480°C), 6.3 ft/min (1.9 m/min), and 650- ppm, respectively. Fly ash was 
con3inuously injected into the flue gas at a rate of approximately 2.0 gr/scf (4.6 
g/rn ) to provide a filter cake on the ceramic bags. X-ray fluorescence data for 
the canmercial slaked calcitic hydrated lime showed calcium oxide (CaO) content 
was approximately ~8% by weight. Surface area prior to injection was 
approximately 10.0 m /g. X-ray fluorescence data for the dolanitic hydrated lime 
showed cal c illin oxide ( CaO) and magnesium oxide (MgO) content were approximately 
40% an~ 30%, respectively. Surface area of the dolanitic hydrated lime was about 
15.0 m /g prior to injection. Stoichiometric ratios were based on the CaO content 
of the respective sorbents. 

-
Sul fur di oxide reduct ion and sorbent ut il i zat ion data for the canmerci al slaked 
calcitic hydrated lime are presented as a function of flue gas injection point 
temperature in Figures 6 and 7, respectively. Figure 6 shows that 502 reduction 
for Ca/S ratios of 0.8 to 1.33 increased from about 15% to 40% as injection 
temperature increased fran 1650° to 2600°F (900° to 1425°C). The curve begins to 
level off at injection temperatures ranging from 2300° to 2800°F {1260° to 1540°C) 
indicating a maximum 502 reduction of 40% to 50% for the range of Ca/5 ratios 
stated above. The so2 reduction profile for the Ca/S range of 1.5 to 2.2 was 
similar, although the curve was slightly higher. Improved so2 reduction with 
increasing injection temperature may be attributed to an increase in the particle 
residence time in the temperature regime where so2-cao reaction kinetics are 
significant ( 1600°-2200°F, 870°-1200°C). These results were achieved at 
temperatures higher than those reported by other investigators and are probably 
attributable to the short particle residence times at high temperatures (2200°-
28000F, 1200°-1540°C) in the propane-fired canbustor system. 

Hydrated lime utilization increased with increasing flue gas injection point 
tenperature for two Ca/5 ranges, as sl'x:>wn in Figure 7. Utilization values 
increased frcm about 13% to 401' as injection temperature increased from 1650° to 
2820°F (900° to 1550°C) for Ca/S ratios ranging fran 0.8 to 1.2. Higher Ca/S 

19-5 



ratios, 1.5 to 2.2, showed the same trend but, the curve was slightly lower at 
temperatures above 2000°F (1095QC). 

The effect of baghouse temperature on so2 reduct ion and hydrated 1 ime utilization 
is presented in Figure 8. Injection point temperature and air-to-cloth ratio were 
nanina11y constant at 2800°F (1540°C) and 5.8 ft/min (1.7 m/min), respectively. 
Both so2 reduction and hydrated lime utilization increased slightly, "'5%, as the 
baghouse temperature increased fr an 700° to 900°F ( 370° to 480°C). Figure 9 
illustrates total hydrated lime utilization, and hydrated lime utilization within 
the bag house, as a function of bag house temperature. Inject ion point temperature 
and air-to-cloth ratio were nominally constant at 2850°F (1570°C) and 5.8 ft/min 
(1.7 m/min), respectively. Total hydrated lime utilization increased fr001 30% to 
35% as the baghouse temperature increased from 700° to 900°F (370° to 480°C). For 
the same temperature range, ut il i zat ion within the bag house increased fr an St. to 
10~. 

Sulfur dioxide reduction and sorbent utilization data for the canmercial dolanitic 
hydrated lime are presented as a function of injection point temperature in Figure 
10. Ca/S ratios ranged fran 1.8 to 2.9. Both so2 reduction arxl sorbent 
utilization show a 50% increase as injection temperature increased from 1800° to 
2075°F ( 980° to 1135°C). Sul fur di oxide reduct ion al so increased significantly as 
injection temperature increased from 2075° to 2460°F ( 1135° to 1350°C), but this 
change is more a result of the variable Ca/S ratio than injection temperature. 
Sorbent utilization values show essentially no change for injection temperatures 
above 2075°F (1135°C). In this case the variability of the Ca/S ratios is masking 
small increases in utilization which would be expected. Direct comparison of 
results indicate the canmercial slaked calcitic hydrate may be as good or a better 
candidate for S02. control even though the canmerci al dolomitic hydrate was found 
to have a higher 1niti~ surface area. 

Ash Fouling Combustor/High-Temperature Baghouse System 

As a result of the initial injection tests on the propane-fired system, subsequent 
experiments for the simultaneous SOx/NOx control program have focused on the use 
of hydrated lime. Specifically the use of a pressure hydrator is being 
evaluated. 

The hydrated product fran the bench-seal e batch pressure hydra tor developed at 
UNDERC was found to be dry, and x-ray diffraction and scanning electron microscopy 
showed the product to be 100% hydrated with an average particle size of less than 
1.0 µm. Figures 11 and 12 illustrate that complete hydration of Cao to Ca(OH) 2 occurs in the pressure hydrator. 

Figure 13 presents so2 reduction as a function of flue gas injection point 
temperature for a series of 6 tests perfonned on the ash fouling combustor/h i gh
temperature bag house system firing pulverized coal • Baghouse temperature, air-to
c 1 oth ratio, so2 levels, and Ca/S ratio were nominally constant at 940°F (505°C), 
3.0 ft/min (0.9 m/min), 700 ppm, and 1.0, respectively. The sorbent used was a 
cal cit ic pressure-hydrated lime produced in the bench-scale pressure hydra tor. 
Two sets of data are presented in Figure 13. The upper curve depicts total so2 reduction and the lower curve so2 reduction within the high-temperature baghouse. 

Sulfur dioxide reduction in the baghouse never exceeded 7% for the six tests 
perfonned. Low so2 reduction in the baghouse is consistent with previous 
results. Operation of a baghouse at temperatures ranging fran 800° to 1000°F 
(425° to 540°C) may not increase utilization of calcium-based sorbents enough to 
warrant use of a high-temperature baghouse only for so2 control. But in 

19-6 



canbination with a N02< control technique, the 5% to lO'J. increase in sorbent 
utilization may be significant. 

Maximum total so2 reduction was approximately 55% at an injection point 
temperature of aoout 1900°F ( 1040°C). Lower so2 reduct ion at inject ion 
temperatures below 1900°F ( 1040°C) was probably a result of insufficient residence 
time in the flue gas temperature region where so2-cao reaction kinetics are most 
favorable. As injection temperature increased fran 1900°F (1040QC), so2 reduction 
again decreased. This decrease may have been caused by sintering of fhe sorbent 
particles (reduced surface area development) or some interact ion with the fly 
ash. Although fly ash interference is possible, injection tests perfonned at 
UNDERC have not shown fly ash interference to be a problem. Figure 14 presents 
so2 reduct ion as a fun ct ion of inject ion temperature for a series of natural gas
fired injection tests. Although the curve is similar to that in Figure 13, actual 
so2 reduction is slightly lower for tests perfonned during natural gas-firing. 

A single injection test was coooucted at coooitions similar to those presented in 
Figure 13 except the Ca/S ratio was increased from 1.0 to 2.0. The flue gas 
inject ion point temperature was i.l900°F (1040°C). Sulfur di oxide reduct ion and 
calcium utilization were about 80% and 40%, respectively. Figure 15 illustrates 
so2 concentration as a function of time for the two-hour injection test. The 
peaks observed at 65, llO, and 145 minutes were caused by inconsistencies in the 
sorbent feed rate. Frqn 60 to 180 minutes, average so2 concentration decreased 
approximately 100 ppm. This decrease is believed to be partially a function of 
so2 reduction within the baghouse and sorbent fallout in the refractory-lined flue 
ducts of the AF/HTB system. 

Two injection tests were performed at Ca/S ratios of 1.0 but at so2 levels of 1300 
and 3000 ppm. Results fran these tests, presented in Table 1, showed so2 
reduction remained in the 45 to SO'J. range for the higher so2 levels. Injection 
tests have not yet been perfonned at Ca/S ratios exceeding 1.0 for so2 1 evel s 
greater than 1000 ppm. 

A single injection test was also performed using a canmercial dolanitic hydrated 
1 ime. The specific sample used for this test was collected fran a canmercial 
hydration facility prior to ball milling. Test conditions aoo 502 reduction data 
are presented in Table 1 (Test No. 0484.9). The resulting so2 reduction for this 
test was about 40'J., as canpared to the 55% value obtaine<f with the calcitic 
pressure hydrated 1 ime produced in the UNDERC bench-scale pressure hydrator. 
Without further testing, it is not clear whether this difference is due to the 
cooiposition of the dolomitic hydrate (presence of MgO), or to the difference in 
pressure hydration coooitions. 

Test results fran the AF/HTB systE!Tl were different fran those obtaina:i fran the 
propane-fired system in that maximum so2 reduct ion and hydrated 1 ime ut i1 i zat ion 
were observed when injecting the hydratea lime into a temperature regime of about 
1900°F (1040°C) rather than 2800°F (1540°C}. This indicates the overall 
time/tanperature profile of the AF/HTB systan was more favorable at lower flue gas 
temperature than those reported for the propane-fired system. Hydrated lime 
utilization values of 40'J. to 55% were observed in both systems for Ca/S ratios 
ranging from 0.8 to 2.0. 
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Particulate Test Combustor Systan 

A review of the data generated on the AF/HTB system resulted in a decision to 
perfonn subsequent pilot-scale injection tests on the particulate test combustor 
(PTC) rather than the AF/HTB systan. Reasons for this decision included: 1) the 
availability of the system (fewer projects sharing time on same pilot-scale 
systan). 2) the PTC is better suited for evaluation of additive-enhanced pressure 
hydrated lime sorbents, and 3) the high-temperature baghouse showed no significant 
advantage with respect to so2 control alone (the PTC baghouse typically operates 
at more conventional temperatures, 200° to 500°F (95° to 260°C)). 

The purpose of the initial series of in-furnace injection tests on the PTC system 
was to generate morphological (surface area and particle size distribution) and 
so2 reduction data for calcitic ard dolanitic pressure-hydrated lime. Calcitic 
pressure-hydrated lime used in this test series was produced in the bench-seal e 
pressure hydrator. The dol ani tic hydrate was obtained fr an a canmerci al source. 
Injection tests perfonned to generate morphological data were conducted firing 
natural gas to produce an 502-free flue gas stream. A Beulah lignite was used 
during pc-fired injection tests. 

Surface area data were not al 1 available for inclusion in this paper. Evaluation 
of particle size distribution data (as detennined fran multicyclone sampling) from 
dehydrated sorbent samples collected during injection tests using calcitic and 
dolomitic pressure-hydrated lime indicates 9oi of the particle mass to be larger 
than 2 um. It is believed this observation is a result of the agglaneration of 
submicron particles. Multicyclone samples have been submitted for analysis using 
SEM techniques. 

Direct canpari son of so2 reduct ion data fran the PTC and AF/HTB sys tans was made 
at similar combustor operating conditions. The most significant differences in 
the two systems were baghouse operating temperature aoo flue gas duct 
configuration downstream of the combustor. Typically the PTC baghouse operates at 
'\.300°F ( i.l 50°C) can pa red to 900° to 1000°F ( 480° to 540°C) for the AF/HTB 
system. Flue gas ducting downstream of the PTC combustor was designed to minimize 
particulate fallout whereas the AF flue gas ducting has 5 90°-bends resulting in 
particulate fallout. 

A. canparison of so2 reduction data fran the two systans as a function of injection 
point temperature during natural gas-firing is illustrated in Figure 16. Alt hough 
the data fran the two sys tans result in similar curves, so2 reduct ion in the PTC 
system appears to average about 10% higher for the range of injection temperatures 
evaluated, 1300° to 2700°F (700° to 1480°C). Table 2 presents 502 reduction data 
for the PTC and AF /HTB systems generated during pc-fired inject ion tests. Again, 
direct canparison of so2 reduction data generated at similar test corditions shows 
slightly better results were achieved in the PTC system. These data might 
therefore indicate the time/ temperature profile of the PTC system is better than 
the AF/HT system with respect to so2 reduction. Reduced sorbent fallout may also 
have contributed to better so2 reduction observed in the PTC systen. 

CONCLUSIONS 

Direct furnace injection of calcitic pressure-hydrated lime is capable of 80% so2 reduction at a Ca/S ratio of 2.0 in the UNDERC pilot-scale combustion systems. 

Cal cit ic pressure hydrated 1 ime produced in a bench-seal e pressure hydrator was 
found to be a better sorbent for so2 reduction than the canmercial dolomitic 
pressure-hydrated lime. 
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Ope rat ion of a baghouse at temperatures up to 1000°F ( 540°C) does not increase 
utilization of calcium-based sorbents enough to warrant use of a high-temperature 
baghouse only for so2 control. But in c001bi nation with a NOx control technique. 
the 5% to 10% increase in sorbent utilization may be considerea significant. 

As expected, residence time and the temperature regime of the sorbent inject ion 
location appear to be the critical parameters controlling so2 reduction and 
sorbent utilization. 
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Figure 2. Ash fouling combustor/high-temperature baghouse system. 
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Figure 3. The particulate test combustor, a 500,000 Btu/hr pc-fired furnace. 
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TABLE 1 

PRESSURE HYDRATED LIME 502 REDUCTION DATAa 

Testb Total so2 so2 Sorbent 
No. Reduction,% Cone. ppm Ca/S Utilization, 

0584 .1 55 725 1.0 55 
0584.5 45 1320 LO 45 
0584. 7 48 3000 1.0 48 
0484.9 40 740 1.0 40 

ainjection tenperature, baghouse temperature, and air-to-cloth ratio were 
naninally 1900°F, 940°F, and 3.0 ft/min, respectively. 

% 

bThe sorbent used in tests 0584.1, 0584.5, and 0584.7 was a calcitic pressure 
hydrated lime (75% CaO) produced in the bench-scale pressure hydrator. The 
sorbent used in test 0484.9 was a ccxnmercial dolomitic pressure hydrate 
( 40% cao and 30% MgO). 

TABLE 2 

S02 REDUCTION DATAa 

Testb Pilot Scale so2 Total so2 Sor bent 
No. Sys ten Cone. ppm Reduction,% Ca/S Ut il i za ti on, % 

0584.1 AF/HTB 72 5 55 1.0 55 
1184.1 PTC 920 45 0.7 64 
0484.8 AF/HTB 700 80 2.0 40 
1284.1 PTC 1000 74 1.7 44 
0484.9 AF/HTB 740 40 1.0 40 
1084.1 PTC 870 40 0.8 50 

ainjection temperature and air-to-cloth ratio were nominally 1900°F and 3.0 
ft/min, respectively. 

bThe sorbent used in tests 0584.1, 1184.1, 0484.8, and 1284.l was a calcitic 
pressure hydrated lime (75% CaO) produced in the bench-scale pressure 
hydrator. The sorbent used in tests 0484.9 and 1084. l was a canmerci al 
dolomitic pressure hydrate (40% CaO and 30% MgO). 
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BENCH SCALE PROCESS EVALUATION OF IN-FURNACE NOx AND SOx REDUCTION 
BY REBURNING AND SORBENT INJECTION 

ABSTRACT 

S. B. Greene, S. L. Chen, D. w. Pershing, 
M. P. Heap. and W. R. Seeker 

Energy and Environmental Research Corporation 
18 Mason 

Irvine. CA 92718-2707 

Reburning involves the injection of a secondary fuel above the main firing zone 
of a combustion to produce a reducing zone which acts to reduce NOx to molecular 
nitrogen. Overfire air is added above the reburn reducing zone to complete the 
combustion. The reburning process has been combined with the injection of 
calcium-based sorbents (e.g., limestone) to investigate the potential for com
bined NOx and SOx reduction. Bench scale evaluations of the process carried out 
in a plug flow furnace at 23 kWt have indicated that NOx reductions of up to 70 
percent and sulfur captures of up to 50 percent (at Ca/S = 2) can be achieved 
depending on a number of process variables. The dominant variables include the 
initial NOx level that is to be reduced, the reburning fuel type (pulverized coal 
or natural gas), and the residence time and temperature in the reducing zone. 
For sulfur control, the dominant parameters are the amount of sorbent added, the 
sorbent type, and the injection temperature. 

INTRODUCTION 

This paper addresses the reburning technology which removes NO from combustion 
products using fuel as the reducing agent. It has been found to involve similar 
kinetic processes to those involved in combustion modification by staged com
bustion. This technology is variously referred to as: 

• In~furnace NOx reduction 
• Reburning 
• Staged fuel injection 
• Mitsubishi Advanced Combustion Technology (MACT) 

Reburning can be considered as the process which allows in-furnace NOx reduction 
to take place. 

The concept of NO reduction by flames has been known for over a decade. A flue 
gas NOx incinerator was developed by the John Zinc Company (1), and Wendt, Stern
ling, and Matovich (2) found that NO could be reduced in laboratory flat flames 
by injecting methane into the combustion products. Recently, Japanese investi
gators have reported the application of reburning to large test furnaces {3). 
The MACT (Mitsubishi Advanced Combustion Technology) in-furnace NOx removal pro
cess applies the concept of reburning to a boiler. Part of the fuel bypasses the 
main heat release zone and is injected above the main burners to provide the fuel 
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for reburning. It is claimed that the NOx produced by the main firing system can 
be reduced "to half at any level of concentration'' (3). Hitachi Shipbuilding and 
Engineering has a U.S. patent on multistage fuel injection for NOx control (4). 
EER under contract to the U.S. Environmental Protection Agency has been investi
gating the reburning process as it might be applied to U.S.-designed pulverized 
coal ·utility boilers for the last few years. The initial activity has involved 
bench scale testing of the impact of process variables on the NOx removal effi
ciency. The studies have been performed in tower furnaces that allow control of 
process parameters over the range of interest in utility boiler furnaces. The 
reburning process can be divided into three zones: 

t Primary Zone: This main heat release zone accounts for approximately 
BO percent of the total heat input to the system. The zone is operated 
under overall fuel-lean conditions, although the burners might be low
NOx distributed mixing burners. The level of NOx exiting from this 
zone is the level to be reduced in the reburning process. 

I Reburning Zone: The reburning fuel (normally about 20 percent of the 
total fuel requirements) is injected downstream of the primary zone to 
create a fuel-rich reduction zone. The reactive nitrogen entering this 
zone comes from two sources: The primary NO level and the fuel nitro
gen in the reburning fuel. These fuel nitrogen species apparently 
react with the hydrocarbon fragments from the reburning fuel to produce 
intermediate species such as NH3 and HCN while some is converted to N2 
and some is retained as NO. The products of this reduction zone are 
the reactive nitrogen species such as: NO, char nitrogen, NH3, and 
HCN, which will be referred to as total fixed nitrogen (TFN). In order 
to optimize the NO reduction by reburning, it is necessary to minimize 
the total reactive nitrogen exiting the reburning zone. 

t Burnout Zone: In the burnout zone, air is added to produce overall 
lean cond1t1ons which oxidizes all the remaining fuel and converts the 
total reactive nitrogen either to NO or N2· 

The reburning process can be combined with the injection of calcium containing 
sorbents such as limestone, to achieve simultaneous NOx and SOx control. Calcium 
oxides, which are formed when calcium carbonate decomposes, can react with gas
eous S02 to form calcium sulfate (CaS04). The calcium sulfate particles can then 
be removed with the ash particles using the normal particulate removal systems. 
The sorbent injection process is very compatible with reburning since the addi
tion of the reburning fuel and overfire air provides excellent media for trans
porting the sorbent in the upper zone of the furnace. There are similar require
ments to disperse the sorbent and the reburning fuel and burnout air. 

The processes that take place in each of these zones have been recently evaluated 
in terms of the reduction of total reactive nitrogen and gaseous sulfur (5). 
This paper will summarize the major findings of that study. Based on these 
results, a process model is currently under development which will allow an 
assessment to be made of the effectiveness of applying reburning/sorbent tech
nology for different fuel types and applications. 

EXPERIMENTAL 

The process studies were carried out in the refractory lined Control Temperature 
Tower (CTT} which is shown schematically in Figure 1. The CTT has a total firing 
rate of between 18 and 24 kW (60,000-80,000 Btu/hr) in the main combustion 
chamber. The main combustion chamber is 20.3 cm in diameter and includes a long 
quarl entry to promote flame stabilization and to provide for one-dimensional 



plug flow. The time/temperature profile along the furnace could be manipulated 
by using back-fired heating sections. The back-fired sections consist of natural 
gas burners fired into refractory channels in the direction opposite to the main 
chamber. The high-temperature gases pass through the channels surrounding the 
main chamber (see the radial cross-sectional view in Figure 1) and minimize the 
temperature decay along the furnace. A more rapid temperature decline can be 
achieved by leaving the back-fired channels off or by inserting cooling coils 
around the main chamber. The tower is equipped with numerous ports located along 
the axis of the reactor that allow the installation of zone separation chokes, 
fuel and air injectors, cooling coils, and sampling probes. 

The CTT was configured into three zones: (1) the primary zone was formed using a 
premixed burner firing pulverized coal or propane doped with various levels of 
H2S and NO, under lean conditions (typically 10 percent excess air); (2) the 
reburning zone formed by injecting the reburning fuel (either coal or doped gas) 
at various flow rates to control the reburning zone stoichiometry and; (3) the 
burnout zone in which air was injected to bring the overall stoichiometry to 
typically 25 percent excess air. The parameters in each of these zones were 
examined separately in terms of how they influenced the exhaust level of NOx· 
The test series were performed by establishing the level of NOx from the primary 
and then increasing the amount of reburning fuel addition and burnout air cor
respondingly to decrease the reburning zone stoichiometry and maintain the 
overall burnout zone stoichiometry. In this manner, the residence time and 
temperature in the reburning zone were maintained relatively constant while the 
reburning zone stoichiometry was varied. Sorbent injection was carried out for a 
variety of different sorbents injected with the reburning fuel and with the 
burnout air. 

Both flue gas and in-combustor measurements were made of NOx, 02, CO/C02, S02, 
HCN, and NH3 by techniques presented in Table 1. In addition, the gas tempera
ture was measured throughout the reactor by using a suction pyrometer (Type B 
thermocouple). Details of sampling and analysis procedures and test conditions 
are available elsewhere (Greene et al., 1985). 

The bench scale testing has provided fundamental insight into the chemical pro
cesses that control NOx reduction and sulfur capture and the impact of the key 
process variables. The full range of parameters in each zone was investigated: 

1 Primary Zone 
- Sto1ch1ometry 
- Fuel type 
- NO level 
- S02 level 

• Reburning Zone 
- sto1ch1ometry 
- Mixing rate of reburning fuel 
- Reburning fuel type (propane, hydrogen, CO, and coals) 

Nitrogen content of reburning fuel 
- Temperature 
- Residence time 
- Transport media for reburning fuel (air or inert) 

• Burnout Zone 
- Temperature 
- Excess air 
- Air mixing rate 



For the S02 capture studies, the additional variables included: 

• Sorbent type 
• Injection location 
• SOx concentration 
• Temperature profile 
• Additives 

RESULTS--NOx 

Although most of the parameters investigated had some effect on the reduction 
level achieved by the reburning process, the dominant parameters were found to be 
those associated with the reburning zone condition and the primary zone NO level. 
Figure 2 shows the effect of three parameters: reburning fuel type (propane or 
Utah bituminous coal), primary zone NOx level [(NOx)f], and reburning zone 
stoichiometry (SR2). These data were taken at the base ine conditions shown in 
Table 2 and are expected to be typical of the times and temperatures that would 
exist for applications to pulverized coal (p.c.) fired boilers. The optimum NOx 
reduction occurred when the reburning zone was fuel-rich at an overall stoich
iometry of 0.9. For high levels of primary NOx, 630 ppm, the exhaust level of NO 
was reduced to 200 and 250 ppm for propane and coal as reburning fuels, respect
ively. For low levels of primary NO the reduction levels were not as signifi
cant, dropping from 190 ppm to 100 ppm for propane reburning and only to 180 ppm 
for coal. The effectiveness of propane over p.c. as a reburning fuel can be 
attributed to the fuel nitrogen difference. As propane was doped with ammonia to 
the same nitrogen content of the coal, similar NOx levels were produced. 

A wide variety of reburning fuels were investigated including hydrocarbon and 
nonhydrocarbon gaseous fuels and coals of varying rank and nitrogen content. The 
properties of these fuels are supplied in Table 3. A comparison of the effect
iveness of different reburning fuels, drawn from Figure 3, indicates that most 
fuels are similar. The nonhydrocarbon fuels are generally less effective than 
those containing hydrocarbons (particularly at longer reburning zone residence 
times). The Yallourn brown coal was the most effective reburning coal chiefly 
due to its low fuel nitrogen content and high volatility, and there was a general 
decrease in effectiveness with fuel nitrogen. Some problems were encountered 
under fuel-rich conditions to complete the burnout of lower volatile coals such 
as anthracite and the low-volatile Rosa coal; however, similar reduction levels 
were achieved under fuel-lean conditions where burnout was adequate. 

The predominant effect of fuel type was found to be the nitrogen content of the 
reburning fuel. The detrimental effect of the nitrogen becomes more apparent at 
the lower levels of primary NO. As shown in Figure 4 at high primary NO levels, 
the level of reduction achievable by all reburning fuels tested was similar at 
the optimum stoichiometry and was in the range of 60-70 percent reduction. It is 
more difficult to achieve the same reduction at lower levels of NOx with any fuel 
type; however, fuels containing fuel nitrogen exacerbate the limitation. Below 
an initial level of 200 ppm of NO, gaseous fuels containing no fuel nitrogen are 
required to achieve an overall reduction by reburning. 

These studies have indicated that NOx reduction by reburning is a kinetically 
controlled process with features similar to the staged combustion processes that 
have been extensively investigated. In the rich reburning zone the temperature, 
reaction time, and reactant concentration, all influence the ultimate reduction 
of NO that can be achieved. The data presented above was at the baseline reburn
i ng conditions of Ti (at the entrance of the reburning zone) of 1700 K (2600°F) 
and a total reburning zone residence time of 400 msec. The effectiveness of the 
process is increased at longer residence times as shown in Figure 5 in the range 
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of 140 to 750 msec in the rich zones for all hydrocarbon fuels; nonhydrocarbon 
fuels (H2 and CO) had no residence time effects. Detailed species analysis 
within the reburning zone has indicated that the mechanisms suggested by Glass 
and Wendt (6) for the rich postflame decay of nitrogenous species are consistent 
with these results. Although the effectiveness of all coals tested increased 
with residence time, the magnitude of changes were coal dependent. The bitum
inous coals demonstrated the largest effect of time similar to gaseous hydro
carbon, while the lower ranked lignite and brown coals were less influenced by 
residence time. 

The influence of the reburning zone temperature was also dependent on the reburn
ing fuel type (Figure 6). As the entrance temperature to the reburning zone was 
increased from 1700 K to 1833 K (26QQOF to 284QOF) the exhaust NOx levels 
decreased for all reburning fuels. The largest effect occurred for gaseous 
fuels, while the impact with pulverized coal was less dramatic. These data 
suggest placing the reburning jets as close to the main burner zone as is feas
ible to increase the temperature, and having as large a reburning zone as 
possible by separating the air injectors away from the reburning fuel jets. 

RESULTS--SOx STUDIES 

The primary objective of the sorbent injection studies was to determine the 
sulfur capture that could be achieved for conditions that were optimal for NOx 
control by reburning. As indicated in the previous section, these conditions 
were a reburning zone stoichiometry of 0.9 and high temperature and long resi
dence times in the reburning zone. The baseline conditions for the sorbent 
studies are also provided in Table 2. The baseline sorbent chosen was a high
purity calcitic limestone with a trade name of Vicron 45-3. This sorbent has 
been investigated extensively in other EPA programs. 

In Table 4, a list of the sorbents investigated in this study and their prop
erties is presented. The sorbents, all calcium containing materials, include 
limestones, dolomitic limestones, and hydrates of limestones. The primary 
differences between these sorbents are the presence of magnesium, whether or not 
they are hydrates and particle size. 

The sorbents were injected either with the reburning fuel or at the same location 
as the burnout air. In Figure 7 is shown the sulfur capture when the Vicron 
sorbent was injected in these locations as a function of stoichiometry in the 
reburning zone. Capture is relatively insensitive to stoichiometry and the 
differences that do occur can be attributed to slight differences in the furnace 
temperature profiles (Figure 7b). Significantly better captures were observed 
for injection in the burnout zones. The reburning zone is significantly hotter 
than the burnout zone, resulting in less reactive stones (7). Specific surface 
area measurements were made for sorbents injected into the furnace without S02 
present. These data indicate a direct (inverse) dependence of specific 
surface area, and therefore reactivity, with injection and calcination 
temperature (Figure 8). 

The other sorbents have a similar dependence on injection location (Figure 9). In 
every case, injection with the burnout air was preferred with capture increasing 
with calcium/sulfur ratio. Dolomite was the most reactive sorbent tested in 
these experiments. However, more dolomite by weight must be added to achieve the 
same Ca/S ratio due to the Mg component. The capture difference between sorbents 
and injection temperatures was found to be directly related to the specific sur
face area after calcination (see Figure 8). The higher surface areas of dolomite 
are likely due to presence of the magnesium which prevents the calcium oxide par
ticles from recrystallizing into closed forms with low surface area. The causes 
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for the higher surface area of hydroxides are uncertain but may be due to a tran
sition crystal state. 

The results presented above are for gas reburning and sorbent injection. 
When coal was used as the reburning fuel. the results were similar but somewhat 
increased over the gas results (Figure 10). These improved capture levels cannot 
be attributed to changes in furnace temperature profiles since only slight 
changes were measured. The discrepancy is likely due to mineral matter inter
action which can enhance sorbent reactivity (8). 

SUMMARY AND CONCLUSIONS 

The process chemistry of the reburning/sorbent injection technology has been 
examined in some detail. NOx reduction by reburning has been found to be similar 
to staged combustion processes. The influence of individual parameters for each 
zone of the process on the effectiveness of the NOx control achieved has been 
examined. Table 5 presents a summary of the determined influences of these pro-· 
cess variables. The impact refers to the direct effect on the chemistry of the 
process. Under conditions of actual applications, there were a number of sec
ondary influences which will influence the actual level of NOx achieved. For 
example, to maintain total load, the firing rate to the main combustion zone will 
be lowered by an amount corresponding to the reburning fuel addition. This 
reduction in load can have a variety of effects (both positive and negative) on 
the NO level exiting this zone and therefore the exhaust emission of NOx· 

When combined with sorbent injection, the reburning process has the potential for 
simultaneous NOx/SOx control. Sulfur capture by calcium containing materials is 
very sorbent- and temperature-dependent. The important process variables are 
also provided in Table 5. The highest sulfur captures were achieved with dolo
mitic sorbents injected at lower temperatures; e.g., with burnout air. The 
dominant physical pa~ameter of the sorbeht is the specific surface area after 
calcination. Specific surface area appeared to directly correlate with capture 
for the sorbents and injection locations investigated in this study. However, it 
is uncertain what determines the specific surface area of different sorbents. 

These studies have concentrated on the chemistry of the reburning/sorbent injec
tion process under ideal conditions; i.e., rapid mixing and distinct zones. 
Activity is now underway to investigate the impact of scale and finite rate 
mixing. These tests are being carried out at a firing rate of 3 MW (10 x 106 
Btu/hr). 
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Gas Measured 

NO, N02 

co 

COz 

02 

S02 

HxCy 

Table 1 

CONTINUOUS GAS ANALYSlS INSTRUMENTS 

Detection Pr1nc1ple Ma nu factu rer Model No. Range 

Cnem1lum1nescent Tnermo Electron Corp. (TECO) 10 AR 0-1000 ppm 

Nond1spers1ve Infrared Ana rad, Inc. AA SO OR 0-500 ppm 
(NDIR) 

Nond1spers1ve Infrared Ana rad, Inc. AASOOR 0-25't 
(NDIR) 

Paramagnet1c Taylor Servomex QA-272 0-10!; 

Nond 1 spe rs 1 ve DuPont 400 0-5000 ppm 
Ultraviolet (NDUVl 

Flame :on1zat1on B~Kman Instruments, Inc. 402 500 ppm ( C3H9) 
(Heated) 

Table 2 

BASELINE OPERATING CONDITIONS 

Pn mary Zone 

t Propdne f1red at 17.6 kW (60 x 103 Btu/nr) 
t SR1 = 1.10 
t (NOx)p = 190 ppm (dry, 0% Oz) 
t (S02)p = 1940 ppm 

Reourning Zone 

• 
• 

'2 = 400 ms 
T1 (reburning fuel injection temperature) 

= 1700 K (260QOF) lower auxiliary burners off 

Burnout Zone 

t SR3 = 1.25 
• T2 (burnout air injection temperature) = 1505 K 

= (22500F) lower auxiliary burners off 
• Sorbent - Vicron 45-3~ Ca/S = 2 

Refractory cnokes were placed at the reburning fuel 
and burnout air injection locations (see Figure 1). 
The chokes separated the zones by preventing any 
backmixing between the zones. Tne primary fuel (pro
pane) was doped with NO to tne desired concen~ra
tions. 
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Table 3 

FUEL ANALYSIS 

Fuel 
Yallourn, Beulal'I, NO C::>lstrip, M":' lnduna Pennsy 1 vania Rosa, Utdl'I 
Austral u AL 

Property 

Rani.: Brown Lig A Sub B HVB Antnracite MV HVB 
= 

Proximate Andlysis 
(Percent, as 
received) 

Mo1 sture 13. 97 33 .10 21.27 4.54 5 .13 s.02 6.39 
Ash 1. 26 7.12 9.58 8.96 5.74 6.79 7.40 
Volatile Hatter 45.20 28.65 30.82 37.73 4.39 21.81 38.89 
Fixed Carbon 39.57 31.13 38.33 48. 77 84.74 63.38 47.32 
Cal onfic Value 
MJ/kg 21. 9 16. 9 21. 3 28.4 30.5 31. 2 28.7 
Sulfur 0.20 0.76 0.50 l.87 0.44 0.96 0.64 

Ultima•e Analysis 
(Percent, dry) 

c 66.03 65.29 67.52 71. 17 88.45 81.23 73.17 
H 4,55 3.96 4.36 4.75 2.14 4.73 5.55 
N 0.55 0.99 1.38 1.44 o. 79 1. 74 1.54 
s 0.23 1.14 0.63 1.96 0.47 1.04 0.66 

Asn 1.46 10.64 12.17 9.39 6.05 7.38 7.90 
0 27. :.a 17.98 13.94 11. 29 2.10 3.aa 11.18 
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' 

! 
Sorbent 

I Petrographic Char-
acterization: 

I Type 
Composition 

i Grain Size, µm 

I 
Top Size, µm 
Mean Size, µm 

. Bottom Size, µm 
Density, g/ cm3 
Oil Absorption 

I Uncalcined 
' S. A., m2/g 
i 
I Ignition Weight 

Loss, 't {lOQQOC) 
' 

Hydration Weight 
Gain (lOQQOC) 

I Chemical Composi-
I tion, i I 

I Ca 
Al 

; Si I 

Fe 
Na 
Mg 

i K 

I Cr 

Table 4 

SORBENT PROPERTIES 

Vicron 45-3 Dolomite 

Calcite Dolomite 
Caco0 CaC03+MgC03 

500-7 0 <100 
40-45 
11-12 34-40 

0.3-0.8 LO 
2.757 2.855 

14 

0.6-0.9 0.6 

41.0-44.0 44.2-47.1 

33.08 67.5 

39.2 21.0 
0.07 Q.09 
0.07 0.37 
0.037 0.102 
0.022 Q.033 
0.485 12.l 
0.011 0.039 
0.006 Q.27 
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Hydrated Lime 

Hydrated Lime 
Ca(OH)2 

30 

11-12 
0.3 
2.350 

12.1-13.5 

25.3 

51.0 I 0.26 
o.ao 
0.22 

0.51 



Table 5 

INFLUENCE OF PROCESS VARIABLES ON REBURNING EFFECTIVENESS 

Parameter 

Primary Zone 

Stoichiometry 

Fuel Type 

NO Level 

Reburning Zone 

Stoichiometry 

Mixing Rate of Reburning 
Fuel 

Fuel Type 

Tempera tu re 

Residence Time 

Transport Media 

Burnout Zone 

Excess Air 
Air Mi.x1ng Rate 
Tempera tu re 

Sorbent I ection 

Sorbent Type 
Injection Location 
Sorbent Rate 
Temperature Profile 

Impact 

• No effect except will require more re
burning fuel for burner operation. 

• No direct effect. Can influence 
through temperature and NO level 
entering reburning zone. 

• Strong effect. More difficult to 
reduce lower levels of primary NO. 

• Optimum at overall stoichiometry 
of 0.9. 

• Faster mixing preferred. 

• Hydrocarbon fuels more effective; 
fuel hitrogen content detrimental 
at lower primary NO level. 

• Reduction increases with increasing 
temperature (2400-29000F). 

• Strong impact, increasing with time 
(100-750 msec). 

1 Inert (oxygen free) trdnsport mea1a are 
desirable since less reburning 
fuel is required to attain opti-
111.1m stoichiometry. 

• Not important except for burnout. 
• Not important. 
• Not important unless temperature 

is dropped to 1200 K where selective 
NH;-NO react1ons can take place to 
enhance reduction. 

• Dolomite - Hydroxide - Limestone. 
• Lower reactivity at higher temperatures. 
• Capture determined by Ca/S ratio. 
• Downstream temperature profile influ

enced capture. 
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ABSTRACT 

EVALUATION OF LOW-NOx BURNERS FOR S02 CONTROL 

R. Payne and A. R. Abele 
Energy and Environmental Research Corporation 

18 Mason 
Irvine, California 92718-2706 

Limestone injection with multistage burners, termed 11 LIMB," was conceived as a 
process in which sulfur capture by sorbent material injected through burner 
passages may be combined with conditions which produce low NOx emissions in 
staged, pulverized coal flames. The potential for simultaneous NOx/SOx control 
by low-NOx distributed mixing burners was evaluated in pilot scale research 
furnaces. Experimental and corrmercial burner designs, ranging in capacity from 
10 x 106 to 100 x 106 Btu/hr, were considered. ·sulfur capture by injected 
sorbents was relatively insensitive to burner design. Sulfur capture with 
limestone was generally in the range of 35-40 percent at Ca/S = 2, and up to 
40-55 percent for hydrated lime. The key factors in S02 removal were reactivity 
of the sorbent and the temperature history to which the sorbent particles were 
exposed. 

INTRODUCTION 

The emphasis of U.S. energy industry has been on the expanded use of coal in 
utility and industrial applications. Because of the characteristics of coal and 
its combustion, expanded coal use may result in the increase of pollutant 
emissions, including NOx and SOx· The reduction of NOx. SOx, and particulate 
emissions from fossil-fuel-fired boilers has been a major objective for the U.S. 
EPA and all of the major boiler burner manufacturers for several years. This is 
evidenced by a number of unrelated concurrent efforts that have been and are 
being conducted to develop low-NOx burners. Various EPA programs have 
demonstrated the principle of staged combustion as a means of controlling NOx 
emissions from coal-fired combustion systems. and have defined design guidelines 
for the Distributed Mixing Burner (DMB) concept as a viable control technology 
for new and retrofit applications. 

For the last several years EER has been working with the EPA on the development 
of a low-NOx pulverized coal burner for wall-fired applications. This DMB 
consists of a circular burner surrounded by outboard tertiary air ports. The DMB 
concept involves staging the combustion process to minimize NOx emissions while 
maintaining an overall oxidizing atmosphere in the furnace so as to have minimal 
impact on furnace slagging and corrosion. NOx production from fuel nitrogen 
compounds is minimized by driving a majority of the compounds into the gas phase 
under fuel-rich conditions and providing a stoichiometry/temperature history 
which maximizes the decay of the evolved nitrogen compounds to N2 (1). Thermal 
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NOx production is also minimized from the fuel-rich zone because of the reduced 
temperature in a low-NOx burner. 

"LIMB," Limestone Injection with Multistage Burners, was coined to describe the 
potential simultaneous NOx/SOx control using limestone injection with a DMB. It 
was originally thought that the conditions by which NOx emissions were reduced 
with the DMB concept might also enhance the capture of sulfur species with 
calcium-based sorbents. The lower temperatures within the low-NDx DMB flame were 
expected to reduce the degree of deactivation of sorbent materials and thus 
enhance sorbent reactivity. Injection in the burner would also allow for 
improved dispersion and mixing of the sorbent particles in the furnace. 

This paper summar1zes results from an ongoing series of EPA-sponsored inves
tigations designed to develop and evaluate low-NOx burner designs for combined 
NOx/SOx control with sorbent injection. The burners evaluated included colllller
ci a 1 second-generation low-NOx burners and commercial pre-New Source Performance 
Standard (NSPS) burners, as well as experimental configurations, at firing rates 
up to 100 x 106 Btu/hr. These different burner designs provided a comparative 
evaluation of corrmercial burners in the test furnaces with field operation. The 
tests, which were conducted in pilot scale facilities at EER, evaluated effects 
of burner design and operation, fuel type, sorbent type, and sorbent injection 
configuration. Although a large portion of the work conducted to date has been 
related to the characterization of NOx emissions, this paper will be concerned 
exclusively with S02 reduction by sorbent injection in, or close to, the burner. 

EXPERIMENTAL SYSTEMS 

Test Burners 

The potential for S02 reduction with sorbent injection has been evaluated for the 
burner designs listed in Table 1. The burners included several externally staged 
designs, with tertiary air ports located outside the burner exit, a co11111ercial 
internally staged burner, and a colTDllercial pre-NSPS burner. The experimental DMB 
designs, based on EPA DMB design criteria (2) and fabricated for EPA Contract 
68-02-2667, utilized generic burner hardware to provide flexibility in operation. 
The two designs of the prototype OMB for application to industrial boilers, 
evaluated under EPA Contract 68-02-3127, incorporated Foster Wheeler colllllercial 
burner hardware. One of the designs, prototype DMB II, utilized a proprietary 
Foster Wheeler exit geometry in conjunction with tertiary air ports, while the 
geometry of prototype DMB Ill was based on EPA design criteria. The two 
Steinmuller Staged Mixing (SM) burner designs, evaluated under EPA Contract 
68-02-3916, included the SM burner design in operation at Weiher Unit 3, to 
provide a basis for extrapolating the research furnace test results to an 
operating boiler, and the modified SM II burner, that incorporated advanced 
design concepts. Two commercially available Riley Stoker (RSC) burners were 
evaluated at two firing capacities to establish the performance characteristics 
in the test facility with which to compare the performance of the RSC DMB to an 
operating utility boiler as part of EPA Contract 68-02-3913. 

The design and performance characteristics of the burners are unique to each 
manufacturer. The experimental DMBs are all equipped with two parallel secondary 
air passages with individual swirl and flow control, outboard tertiary air ports, 
and a central coal passage with a center body, impeller type coal spreader. The 
industrial prototype DMBs and the RSC DMB also have two parallel secondary air 

?1-? 



passages and tertiary air ports, but the industrial prototype DMBs utilize the 
tangential inlet, annular coal passage characteristic of Foster ~heeler equipment 
while the RSC DMB uses a central coal passage with a venturi nozzle tip and cen
ter body impeller. The two Steinmuller SM burners have only one secondary air 
passage and incorporate an annular coal nozzle much like the Foster Wheeler 
design. Both annular coal nozzle designs have a large-diameter central passage 
which accommodates an igniter as well as producing a bluff body recirculation 
zone to help stabilize the flame. The two commercial Riley Stoker designs have 
single registers with the difference between the two being the coal nozzle and 
impeller designs. The RSC Controlled Combustion Venturi (CCV) burner was also 
equipped with tertiary air ports to permit evaluation of the burner under staged 
conditions. In the discussion of experimental results, corrmercial burners are 
designated by letter code rather than by name. 

Research Furnaces 

Testing has been conducted in the following research furnaces: 

t Large Watertube Simulator (LWS) 

t Medium Tunnel (MT} 

t Small Watertube Simulator (SWS) 

The LWS, shown in Figure 1, was designed to simulate the geometry of a small 
front-wall-fired boiler, with a hopper bottom and a nose above the firing zone. 
The furnace sidewalls are partially insulated with refractory. The MT and SWS, 
shown schematically in Figure 2, are both partially insulated, horizontal tunnel 
furnaces with burners mounted on one end and with the exhaust exiting from the 
opposite end. The LWS and MT are both cooled externally with water spray while 
the SWS is cooled with a water jacket. Nominal firing rates for these furnaces 
are 100 x io6, 50 x 106, and 10 x 106 Btu/hr for the LWS, MT, and SWS, 
respectively. 

Fuels and Sorbents 

A wide range of coals and sorbents have been evaluated in these pilot scale 
burner tests. A total of nine different coals have been tested with sulfur con
tent ranging from 0.72 to 3.97 percent on a dry basis. The principal coals of 
interest, listed in Table 2, are all high-volatile bituminous coals. Utah coal, 
a high-volatile B bituminous with nominally 0.75 percent sulfur content, is used 
at EER as a baseline coal. 

The sorbents used have been calcium-based materials, including limestone, 
hydrated lime, dolomite, and pressure-hydrated dolomitic lime. Typical sorbent 
characteristics are listed in Table 3. The baseline sorbent is Vicron 45-3, a 
pulverized high-purity limestone chosen beca.use of the exceptional quality 
control which ensured repeatability among batches. 
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RESULTS 

Burner Tests in Large Watertube Simulator 

The sulfur reduction potentials achieved by burners tested in the LWS with Utah 
and Indiana coals are compared in Figures 3 and 4. The data shown were obtained 
at optimum full-load design point conditions for each burner. The DMB data shown 
represent data from tests of the 70 x 106 Btu/hr industrial prototype OMB III. 
The other burners were tested at a nominal 100 x 106 Btu/hr. The limestone 
material was injected both with the coal and through nozzles located on the axis 
of each tertiary air port. S02 capture was highest for the industrial prototype 
DMB Ill for both coals and each sorbent/injection location pair. The other con
sistent trend was that hydrated lime injected through the tertiary air ports pro
duced greater S02 reduction than did the limestone material. The S02 removal 
achieved at Ca/S = 2 was in the range of 35-40 percent for the limestone and 
40-55 percent for the hydrated lime. None of the 100 x io6 Btu/hr burners had a 
consistent advantage in terms of S02 reduction potential. 

The effect of firing rate on S02 reduction of burners tested in the LWS is shown 
in Figure s. Burners C and E, and burners B and G represent scaled pairs of 
burners. Burners C and B have a design capacity of 100 x io6 Btu/hr, while 
burners E and G are scaled for 50 x 106 Btu/hr. Reducing the thermal input from 
100 x 106 Btu/hr to 50 x 106 Btu/hr resulted in an improvement in sulfur capture 
for burners C and B. Capture for the scaled-down burners, E and G, was better 
still than the full-scale burners operated at half load. Because of the LWS 
characteristics, a reduction in load increases mean residence time but also 
reduces the mean and peak furnace temperatures. The result is that the time 
available in the sulfation temperature window, 1500-220QOF, is relatively 
insensitive to load. The aerodynamics of the full-scale burners operated at half 
load are considerably different than those of a burner designed for reduced 
loads; thus, interaction of the sorbent particles in the region around the burner 
also differs. 

The effect of coal composition on sulfur capture is shown in Figure 6. The 
trends for all three fuels were similar, with the highest sulfur capture achieved 
by injecting hydrated lime through the tertiary air ports, and with little dif
ference in the effectiveness of injection locations with limestone. Intuitively, 
an effect of composition, sulfur content in particular, would be anticipated. 
The sulfation reaction would be thought to be driven in part by the concentration 
of sulfur species. The S02 capture data presented, however, show no discernible 
effect of coal composition. 

The effect of sorbent type on S02 reduction is shown in Figure 7. The test 
results are shown for staged conditions with sorbent injected through the ter
tiary air ports and unstaged conditions with sorbent injected into the coal 
stream. Dolomite achieved the highest capture for both cases. Overall, these 
results indicate that dolomite is a better sorbent for comparable Ca/S molar 
ratios than either limestone or hydrated lime. However, approximately 60 percent 
more dolomite by weight is required to achieve comparable Ca/S ratios. Such 
results are also consistent with data obtained in smaller furnaces and laboratory 
scale equipment. 

The effect of sorbent injection velocity is shown in Figure a. Doubling the 
velocity of the sorbent when injected through the tertiary air po~ts as a double 
concentric jet increased capture from 37 to 44 percent at Ca/S = 2. The higher 
speed jets are characterized by significantly increased entrainment of hot 
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combustion gases from the flame zone. The sorbent particles may also be 
ballistically thrown past peak temperature regions of the flame. In either case, 
sulfur capture was improved. 

Thermal Environment and Furnace Characteristics 

The two primary processes by which sorbent particles remove gaseous S02, sorbent 
calcination and sulfation, have been shown to be very sensitive to the 
temperature history experienced by the sorbent particles (3}. The reactivity of 
a given sorbent is strongly dependent on the peak temperature seen by the sorbent 
particles, and sulfation is determined by the amount of time available in the 
most favorable temperature regime of approximately 2250-18QOOf (4). The thermal 
characteristics through the sulfation temperature window are shown in Figure 9 
for the experimental furnaces of interest to this study. In Figure 10 these 
temperature profiles have been coupled with a sulfation model to predict overall 
S02 capture for a CaC03 sorbent of differing reactivity. Sorbent reactivity is 
dictated by the peak temperature (and time) experienced by the sorbent, and may 
be characterized by measurable parameters such as specific surface area (3). 

The characteristic curves for the LWS furnace indicate that, compared to most 
boilers, this furnace has a long time available in the sulfation window, and that 
overall S02 capture is not limited by sulfation. In this case S02 capture will 
be determined by the reactivity of the sorbent material, and hence by peak tem
perature. For the LWS experimental data, the spread in S02 capture by the CaC03 
(for different burners, burner parameters, and injection methods) can be 
explained by differences in peak temperature seen by the sorbent of no more than 
2QOOF. Such temperature differences can easily be achieved by relatively small 
changes in burner and sorbent injection aerodynamics. 

In order to further investigate the impact of furnace thermal environment, lim~ 
ited data are presented for tests in the MT and SWS furnaces. Sulfur captures 
for a 50 x 106 Btu/hr experimental DMB and the industrial prototype DMB II in the 
MT furnace are compared in Figure 11. Both burners were fired at a nominal 50 x 
106 Btu/hr to fit the confines of the furnace. These data indicate large 
differences in· sulfur capture for injection of limestone with the coal compared 
with injection through the tertiary air ports. Although capture by sorbent 
injected with the coal for the industrial prototype DMB II in the MT is 
comparable to results from the LWS, injection through the tertiary air ports is 
much lower in the MT. The high firing densities and flame confinement in the MT 
apparently produced an unfavorable thermal environment for the particles injected 
through the tertiary ports. The central core of the flame, however, apparently 
was unaffected by the MT cooling profile and thus yielded sorbent particles whose 
reactivity was similar to those produced in the LWS. 

The effect of furnace cooling on sulfur capture was also evaluated in the SWS, as 
shown in Figure 12. The thermal environment, designated by the furnace tempera
tures, was varied by changing the insulation distribution within the furnace. 
Again, conditions with the lowest bulk temperatures yielded the highest S02 
removal. In fact, the configuration with an exit temperature of about 23QQOF 
produced an essentially unreactive sorbent. 

Extrapolation to Boiler Temperature Profile 

Experimental data can be translated into predictions for anticipated boiler S02 
capture in much the same way that Figure 9 was used in the generation of Fig
ure 10. One example for an assumed boiler temperature profile is presented in 
Figure 13. This figure shows the effect of injecting a CaC03 sorbent at differ-



ent elevations in the boiler. When sorbent is injected near the burner zone, the 
peak temperatures experienced limit sorbent reactivity and hence overall S02 
removal. As the sorbent injection location is moved to lower temperatures at 
higher elevations, reactivity and S02 capture improve. Ultimately there is a 
trade-off between increased reactivity and reduced residence time in the sulfa
tion temperature window. In the example shown, for the specific boiler and 
sorbent combination of Figure 13, the optimum injection temperature is between 
2100 and 22000F. 

This example is consistent with the experimental furnace data, and would suggest 
that for conventional sorbents there fs little advantage to sorbent injection in 
the burner zone, and that upper furnace injection is to be preferred. Moreover, 
the reactivity vs. temperature characteristics of normal limestone materials are 
such that high S02 removal levels are not expected. High S02 capture can, how
ever, be achieved with very reactive sorbent materials, even in adverse tempera
ture fields. An example is shown in Figure 14 for the SWS furnace operating with 
a temperature gradient not atypical of many U.S. boilers. This figure illus
trates that, as the injection location is moved away from the burner zone to 
downstream locations, S02 removal is improved. Downstream injection of a 
pressure hydrated dolomite results in greater than 70 percent S02 removal at a 
Ca/S = 2. This particular material is available commercially and has shown 
consistently good performance in both small and pilot scale tests. 

CONCLUSION 

The results of these pilot scale tests indicate that burner design has only lim
ited effect on sulfur capture. Capture depends on the interaction of the sorbent 
with the flame and can be optimized for all burners. However, data indicate 
that, for limestone at Ca/S = 2, only 35 to 40 percent 502 removal can be 
expected. Hydrated lime, when injected away from the flame zone, can be expected 
to achieve 40 to 55 percent capture at similar stoichiometry. Differences in 502 
removal rates in the LWS furnace are consistent with differences of no more than 
2QQOF in the peak temperature experienced by the sorbent. 

The experimental data can be rationalized in terms of sorbent reactivity, and by 
the temperature/time profile through the optimum sulfation temperature window. 
Both parameters are influenced by sorbent characteristics and by specific furnace 
thermal environment. A knowledge of both parameters is required to interpolate 
data between experimental furnaces, and to extrapolate to operating boilers. 

By avoiding high temperatures within the flame and exposing the sorbent to a 
favorable temperature history. sorbent reactivity can be maximized. However, 
each sorbent material has unique characteristics. Data indicate that the sulfur 
capture potential of conventional limestone is limited and that other materials 
are becoming available which offer the potential for high 502 removal rates. 
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Figure 2. Schematics of Medium Tunnel and Small Watertube Simulator 
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Table l 

TEST BURNERS 

Burner/Component 
Manufacturer 

Experimental 

Foster Wneeler 

Burner 

Modified OMBs 

lndustr1al Prototype OMS II 

Des1gn 

Externally St.aged 

Externally Staged 

F1 ri n9 Capacity 
( lCP B tu/nr l 

10, 50, 100 

70 

Industrial Prototype DMB JIJ Externally Staged 70 

Ste1nmu11 er 

Riley Stoker 

SM Burner (We1ner) 

SM I: Sumer 

RSC 0143 

Controlled Combustion Ven
wr1 Burner 

Flare Burner 

Ta1>le 2 

PRINCIPAL COALS 

Coal Rank 

Utah HV3 B1tum1nous 

!ndiana HVB B1tum1nous 

Illinois HVC Bitumrnous 

Saar HVA Bituminous 
(W. Germany) 

Ta1>le 3 

Enerna lly Staged 

Externally Staged 

Externally Staged 

Internal and 
External Stag1ng 

Pre-NSPS 

Sulfur Content 
(Wt f., Dry) 

0.73 - 0.96 

1.35 - 2.73 

3,55 - J.97 

0.72 - C.87 

so, 100 

100 

100 

50, 100 

50, 100 

TYP lCAL SORBENT CHARACTER:STICS 

Median Dens i"ty Chemical Analysis 
SorDent Composition D1<1m. ( g/c"3 J (Wt f.) 

~ Ca ~ 

V1cron 45-3 CaC03 9.8 2. 71 39 .o C.49 

Col ton Hydrated. L 1 ine Ca(OH)2 4.0 2.28 51.9 Q.25 

RWK Hydrated L 11ne Ca(OH)2 4.0 2.25 52.9 0.43 

Dolomite CaC03·MgC03 12.0 2.87 34. 7 ll .3 

Pressure Slaked Ca(OH)2 2.2 2.28 28.6 16.0 
Dolomn1c L 111e Mg(OH)2 
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ABSTRACT 

LIMESTONE INJECTION WITH AN 
INTERNALLY STAGED LOW-NOx BURNER 

J. Vatsky and E. S. Schindler 
Foster Wheeler Energy Corporation 

110 South Orange Avenue 
Livingston, New Jersey 07039 

Foster Wheeler's internally staged, Controlled Flow/Split-Flame low-NOx burner has 
been in utility field service since 1979. The ease of retrofit to existing steam 
generators would make the burner a cost-effective means of implementing the· 
Limestone Injection Multistage Burner concept if satsifactory sulfur capture can be 
achieved. Two methods of limestone injection internal to the burner are available: 
pre-mixed with the coal and separate from the coal. The former technique was 
evaluated in a joint program with the U.S. EPA, while the latter was evaluated 
independently by Foster Wheeler using a novel injection method. Over 60 percent 
greater sulfur capture was obtained using the Foster Wheeler technique on a 
50 million Btu/hr single burner test furnace. 
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ABSTRACT 

DEVELOPMENT OF INTERNALLY STAGED 
BURNERS FOR LIMB 

G. c. Englana, R. Payne, ana J. Clough 
Energy ana Environmental Research Corporation 

18 Mason 
Irvine, California 92718 

This paper aiscusses an experimental investigation airectea towara the 
aevelopment of retrofit technology to achieve simultaneous in-furnace control of 
NOx ana SOx emissions from coat-firea boilers. Results oota1nea in a 2.9 MWt 
(10 x 106 Btu/hr) test furnace show that NOx reauctions of 50 percent canoe 
ootainea from high-velocity pre-NSPS ourners by moaification of Doth the coal 
nozzle ana the air aistrioution without the use of external air ports. The 
effectiveness of calcium-oasea soroent injection for S02 control is limitea oy 
soroent reactivity ana time/temperature characteristics of the ooilers. 
Experimental results suggest that sorbent injection can De optimizea using 
coaxial air/soroent jets to achieve maximum soroent reactivity ana aispersion, 
ana thereoy optimize S02 removal. 

INTRODUCTION 

Coal-firea electric utility boilers are a major source of NOx ana S02 emissions 
to the atmosphere. These pollutants are consiaerea to be the primary precursers 
to acia rain. Approximately 85 percent of NOx emissions ana almost all S02 
emissions from coal-firea utility plants are from ooilers constructed prior to 
1971, when EPA's New Source Performance Stanaaras (NSPS) for large (greater than 
73 MWt or 250 x 106 Btu/hr) boilers first oecame effective. In oraer to control 
acia rain it is aesiraole to have cost-effective NOx ana SOx control 
tecnnologies which can oe implementea on a retrofit oasis to existing pre-NSPS 
Milers. 

The objective of retrofit NOx/SOx control technologies shoula be to maximize the 
potential emission reauction within the retrofit constraints of specific units 
or classes of boilers. Many current low-NOx coal burner technologies capable of 
meeting NSPS NOx emission limits utilize external (staging or tertiary) air 
ports or reaucea seconaary air velocity (enlargea burner throat aiameter) to 
effectively aelay fuel/air mixing. For many existing boilers, nowever, it may 
oe 'impract'ical to enlarge the ourner throat or install external air ports on a 
retrofit oasis aue to structural or other consiaerations. Thus there is a neea 
to aetermine the extent to which NOx emissions can be reaucea as a function of 

(*) There are no 22- pages in this volume. 
···-. 
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the range of retrofit constraints imposea by pre-NSPS ooiler aesigns. The 
parallel application of dry soroent injection into the boiler furnace for 
reauction of SOx emissions offers the potential for significantly reaucing the 
emission of acia rain precursers. 

Tnis program is airectea towara the investigation of internally stagea low-NOx 
coal ourners for wall-firea boilers, ana the utilization of calcium oasea 
soroent injection for SOx control. The process Dy which S02 is captured oy 
calc1um oasea soroents has Deen aescrioea in other work (1, 2). Key to the 
success of the comoinea NOx/SOx control concept is to proviae the soroent with 
the optimum conaitions for maximizing reactivity, achieving gooa aispersion into 
the comoustion proaucts, ana proviaing aaequate res1aence time within the 
optimum temperature range (900-12QOOC) for S02 capture to occur (2,3). 
Experimental studies are currently underway in 3 MWt (10 x 106 Btu/hr) ana 29 
MWt (100 x 106 Btu/hr) facilities to investigate comoinea NOx/SOx control via 
application of internally stagea ourners with sorbent injection. Specific goals 
of these investigations are to aetermine the impact of ourner aesign parameters 
on the level of NOx control ach1evaDle without the use of air ports external to 
the Durner throat, particularly unaer conditions typical of pre-NSPS boilers. 
Recent evidence suggests that soroent injection near the ourner is not the most 
attractive means for achieving high S02 captures. Therefore, emphasis has Deen 
placea on sorbent injection in the upper furnace. Experiments under this 
program have investigatea the effect of soroent injection parameters on S02 
capture in order to establish guiaelines for optimizing sorDent injection 
methoas. This paper presents selectea results from these experimental studies 
conauctea in the 3 MWt (10 x 106 Btu/hr) experimental test furnace. 

EXPERIMENTAL 

Burners 

Tests have oeen conauctea with ourners aesignea to achieve Doth high ana low 
seconaary air velocity at the throat section {Figure l}. The high velocity 
Durner was aesignea to oe representative of typical pre-NSPS ourners with a 
seconaary air velocity of approximately 58 m/sec (190 ft/sec). Pre-NSPS burners 
are typically aesignea to maximize combustion intensity in the boiler furnace. 
In many existing Doilers it is impractical to perform extensive moaifications to 
the ourner throat, ana ourner moaifications are limited to the coal nozzle or to 
air aistriDution within the existing ourner throat. These tests investigatea 
the potential NOx reauction achievaole oy moaifications to the coal nozzle 
without changing the existing ourner throat. The effect of aaaing a oaffle to 
the seconaary air passage in oraer to split the seconaary air stream (see Figure 
1) was also invest1gatea. 

The low velocity ourner was aesignea to proauce a seconaary air velocity of 24 
m/sec {80 ft/sec) ana represents a more flexible retrofit situation where throat 
enlargement to reauce air velocity is possible. Both the high ana low velocity 
Durners utilizea the same air register which suppliea the seconaary air through 
two annular passages at the throat of the burner. Air flow ana swirl level 
through each seconaary air passage was inaepenaently control lea to investigate 
the impact of these parameters on NOx control. 
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Coal Nozzles 

Tests were conauctea with ax1al coal nozzles with a variety of spreaaer aesigns 
in ooth burner configurations. The spreaaers consistea of two types: axial vane 
swirlers witn vane angles ranging from 15 to 450; ana splitters which aiviaea 
the primary air/coal into four streams ana injected the fuel without swirl at 
angles from 30 to 600 (incluaea angle). 

Coal injection with reaucea primary air flow (aense-phase transport) was also 
investigatea. Primary air was reaucea from approxima~ely 1.9 to 0.2 kg air/kg 
coal. The aiameter of the aense-phase coal nozzles was reaucea in oraer to 
maintain the primary injection velocity at approximately 18 m/sec {60 ft/sec). 
Three injector types were usea with aense-phase coal transport: a co111T1ercial 
spray nozzle; a conical spreaaer with a 300 incluaea angle; ana an ax1al vane 
swirler with a 300 vane angle. 

Small Watertuoe Simulator (SWS) Furnace 

The SWS facility is illustratea in Figure 2. The cylinarical test furnace has 
an inside aiameter of 1.8 m (6 ft} ana is 5.2 m (17 ft) in length. Burners are 
fired axially from one end of the cylinaer, and the furnace is completely water 
jacketed with a partial refractory lining to control heat extraction. Gas 
temperature at the exit of the furnace is typically oetween 1000 ana 12000C 
(1800 ana 22QODF). Nominal firing capacity is 2.9 MW (10 x 106 Btu/hr). 

Fuels 

A Utah high volatile Dituminous coal was usea for all coal tests. Analysis of 
the Utah coal is given in Table l. Sorbent tnjection tests were conauctea Doth 
with coal and with natural gas flames aopea with S02. The sorbent usea in these 
tests was commercially available limestone (CaC03) with a particle size 
aistrioution of oetween 3 ana 45 m. 

NOx EMISSIONS 

Figure 3 shows NOx emissions obtainea with various coal nozzles tested in the 
high velocity burner configuration. NOx emissions are corrected to 0% stack 02. 
Excess air was constant at approximately 20%, firing rate was 2.9 MW (10 x 106 
Btu/hr), ana comoustion air preheat temperature was approximately 315oc (6QQOF). 
The aata are presented as a function of gas temperature at the exit of the 
furnace. The variation in exit temperature is aue primarily to the thermal 
inertia of the furnace cooling system ana due to ash aepos1tion in the furnace, 
whicn changes the extent of furnace heat extraction. The lines shown on figure 
3 ana the following figures represent the '1oest fit" through data points 
ootainea unaer similar Durner operating conditions for each burner/nozzle 
comoination. It can De seen that NOx emissions generally increase with 
increasing furnace exit temperature for similar burner conditions, ana that the 
aepenaence on temperature is unique to the specific nozzle/ourner comoination. 
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NOx emissions as high as 925 ppm ana as low as 350 ppm coula De achfevea through 
variation of coal nozzle aesign and burner aajustments. Most of the NOx 
emissions aata range Detween 500 ana 750 ppm which is within the range 
encounterea in the f1ela for pre-NSPS boilers. It was aifficult to reauce NOx 
emissions oelow 450 ppm while maintaining satisfactory flame stability. High 
NOx flames were generally characterizea by low length-to-aiameter ratios ana oy 
flame stanaoff oetween 0.1 ana 0.6 burner exit aiameters. The shaaea area 
represents the range of emissions achievea with a 150 axial swirl vane nozzle oy 
variations in ourner adjustments, incluaing adjustments to coal nozzle setoack, 
coal spreaaer setback, secondary air distribution, and swirl aistrioution 
between the secondary air channels. These data show that NOx can vary oy as 
much as a factor of three depenaing only on burner adjustments. Data are also 
shown in Figure 3 for a splitter type nozzle which proaucea emissions in the 
range of 600-700 ppm. In this minimum flexibility ourner configuration there 
aia not appear to oe a distinct aavantage of utilizing the splitter type 
nozzle. It shoula De notea that, for all data presentea in this paper, CO 
emissions were below 60 ppm ana flames were staDle. 

Figure 4 shows the effect of aaaing a conical oaffle to the inner seconaary air 
sleeve of the high velocity burner (as shown in Figure 1) in order to aivert 
some of tne comDustion air away from the main ooay of the flame, thereby 
reaucing the local stoichiometric ratio in the initial regions of the flame. 
Aaaing the Daffle aid not appear to reauce NOx emissions substantially for the 
splitter type nozzle. However, with the 150 axial vane swirler, NOx emissions 
were reauced to between 225 ana 500 ppm by aaaing the baffle. The baffle 
enhancea staoility of the flames, and most of those conaitions which producea 
low-NOx emissions were associated with flames establishea well within the ourner 
quarl. Comparison of these results with those shown in Figure 3 inaicates that 
the air oaffle suostantially reauced the level of NOx emissions from the high 
velocity ourner configurations ana aramatically increasea the range of ourner 
aajustment for which NOx was oelow 400 ppm. The same range of conaitions 
without the oaffle typically resulted in NOx Detween 700 ana 900 ppm. 

Figure 5 shows NOx for several nozzles testea in the low velocity burner 
configuration. The shaaea areas represent the range of NOx emissions achievea 
with each nozzle design Dy variation of ourner adjustments. The effect of 
increasing the ourner throat aiameter was most pronouncea for one of the 
splitter coal nozzles (JOO incluaea angle) ana for the 150 axial vane swirler. 
For equivalent Durner and furnace conditions, NOx reauction achievea with the 
low velocity burner was 51 percent for the splitter nozzle and 46 percent for 
the 15° axial vane swirler comparea to results obtainea in the high velocity 
ourner. 

NOx formation in practical flames is determined to a large extent Dy mixing 
processes in the flame ana heat transfer characteristics of the furnace. Flame 
shape is important Decause it reflects the mixing characteristics of the ourner. 
Figure 6a shows a preliminary attempt at correlating NOx emissions aata with the 
ocservea flame dimensions for various coal nozzles in the low velocity burner. 
Tne flame dimensions are representea in Figure 6a Dy the ooservea flame length
to-aiameter ratio (L/D). The shaded area on the figure represents the overall 
aata trend for axial swirl vane nozzles. 
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There is a general trend for aecreasing NOx emissions with increasing flame 
length-to-aiameter ratio, although there is noticeaole scatter especially for 
low L/O (short flames). Data appear to fall above the shaaea area when the 
flames are aetachea from the ourner ana fall slightly oelow the shaaea area when 
the flame is sharply aiviaea (e.g., with coal splitter nozzles}. · 

Previous work Dy Payne, et al. (4) showea that NOx emissions from oil flames 
proaucea oy many aifferent burners firea in aifferent furnaces coula be 
correlatea oy a factor which takes into account flame shape, furnace heat 
extraction, ana entrainment characteristics of the flame. Since the bulk 
entrainment characteristics (aefinea Dy the Thring-Newoy parameter) are constant 
for constant ourner velocity ana aiameter, a similar correlation was checkea for 
the low velocity burner configuration which accounts only for flame resiaence 
time (in terms of firing rate and flame volume} ana furnace heat extraction. 
These parameters are expressea as (Q/Vf) x (l/He) where Q is the gross heat 
input in megawatts, Vf is the ooservea flame volume, ana He is the heat 
extractea in the furnace in megawatts. As shown in Figure 60 the correlation 
appears to work well for a single coal nozzle, out yielas aifferent NOx values 
for aifferent nozzles. This inaicates a neea for another parameter which takes 
into account aifferences in near-ourner mixing as a result of coal nozzle 
aesign. The figure aoes seem to suggest that, for equivalent flame ana heat 
extraction conaitions (i.e., at a given value for the aocissa), NOx emissions 
are 1ower for the two splitter nozzles than for the axial vane swirler nozzle, 
ana are lowest when aense-phase coal transport is ut1lizea. Since the coal 
injectors are locatea axially in the center of the burner. the reauction in coal 
nozzle aiameter associated with aense-phase coal transport (to maintain primary 
injection velocity) results in increasea area availaole for seconaary air flow. 
As a result the baseline seconaary air velocity of 58 m/sec (190 ft/sec) was 
reaucea to 44 m/sec (145 ft/sec) when aense-phase coal nozzles were usea in tne 
high velocity burner. Similarly, seconaary air velocity was reaucea from 24 m/ 
sec (80 ft/sec) to 21 m/sec (71 ft/sec) when aense-phase coal nozz~es were usea 
in the low velocity burner. The reduction in NOx achievea with dense-phase coal 
transport prooaoly results from changes in mixing ana flame characteristics 
brought aoout by the comoinea effect of reaucea seconaary air velocity and 
alterea coal/air aistrioution. 

S02 EMISSIONS 
. 

The injection of ary calcium-based soroents such as limestone ana dolomite into 
ooiler furnaces offers a potentially less expensive means of reaucing S02 
emissions comparea to post-ooiler scruooing. The practical limitations to 
achieving high S02 removal rates appear to oe relatea to soroent reactivity ana 
res1aence time within the temperature range for which sulfation of the soroent 
is possiole. Favoraole temperatures are usually encounterea aownstream of the 
ourner zone in the upper furnace ana superheater area of most U.S. ooilers. 
Soroent aispersion into the combustion proaucts is easiest to achieve if the 
soroent is injected through the ourner itself; however, soroent reactivity is 
sharply reaucea when exposea to flame temperatures and coal mineral matter. 
Therefore, injection of the soroent away from the burner has Deen suggestea, 
either through ports near the ourner throat or in the upper furnace, aownstream 
from the ourners. 
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Figure 7 shows S02 removal versus calcium-to-sulfur molar ratio (Ca/S) for 
various soroent injection locations near the high velocity ourner. The aata 
snown in Figure 7 were ootainea using natural gas fuel aopea with pure S02. The 
coal spreaaer support pipe locatea on the axis of the coal nozzle (see Figure 1) 
was replacea with a natural gas injector. As shown in Figure 7, S02 removal is 
approximately the same regaraless of sorDent injection location, which suggests 
that soroent reactivity is equally limitea for all near-Durner injection 
locations. This indicates ·that it coula De aifficult to meet S02 capture 
oojectives (50 percent S02 removal at Ca/S = 2.0) if the soroent is injectea 
near the Durner. 

Basea on these results ana results of other relatea EPA research programs, 
recent efforts unaer this program have concentratea on topics relatea to sorDent 
injection in the upper regions of a ooiler furnace remote from the burner zone. 
In these upper regions, injection will typically oe oy means of jets, where some 
carrier meaium (air or flue gas) will oe requirea to ensure aaequate penetration 
and aispersion of the soroent. A particular emphasis has therefore Deen placed 
on the investigation of soroent injection techniques, ana whether available jet 
parameters offer any seconaary means influencing the reactivity of sorbent 
materials. Interest has centerea particularly on heating rate, ana the 
potential use of aouole concentric jets to provide thermal shielaing, either for 
conventional soroents or for high reactivity materials (5,6) which may be very 
temperature sensitive. 

The simplest injection scheme involves a single jet of soroent material 
aispersea in carrier air. Figure Sa shows S02 removal for CaC03 injection using 
a single small-aiameter (2.54 cm) soroent jet injector along the axis of the SWS 
furnace. An array of small gas-firea burners was arrangea arouna the sorbent 
jet to proauce simulatea comoustion proaucts at 12QQOC (22000F) flowing parallel 
to the sorDent jet. Natural gas aopea with pure S02 was fired through these 
small gas ourners, ana the furnace walls were completely insulatea to minimize 
heat extraction. Furnace gas temperature (oackgrouna gas temperature) was 
approximately constant (within 15 percent) throughout the furnace. The velocity 
of tne sorbent jet was variea Dy changing the transport air flow rate. S02 
removal was similar for injection velocity of 30 ana 15 m/sec (JOO ana 50 ft/ 
sec) out was much lower for low injection velocity of 7.6 m/sec (25 ft/sec). 
Since the peak temperature experiencea Dy the sorbent jet is believea to oe 
approximately. the same for all three injection velocities, it is Delievea that 
tne heating rate in the initial regions of the jet may affect the aevelopment of 
surface area as the raw soroent unaergoes calcination to Cao. This implies that 
some aegree of control over sorbent reactivity may be achievea oy controlling 
injection parameters. However in this experiment, complete mixing of the 
soroent ana combustion proaucts aoes not occur until they enter the exhaust 
auct, ana slight aifferences in aispersion may account for the effect of soroent 
velocity on capture. Further experiments are plannea to evaluate this effect. 

Figure SD snows the effect of gas temperature near the point of soroent 
injection (oackgrouna gas temperature) for the 30 m/sec (100 ft/sec) soroent 
jet. S02 removal aecreases sharply as gas temperature 1s increasea from 12QQOC 
(22QOOF) to 154ooc {28QQOF). This suggests that tne reactivity of the soroent 
aecreases as the oackgrouna gas temperature increases. Tnus, it is eviaent that 
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in practical systems high sorbent temperatures must oe avoiaea in oraer to 
prevent aeactivation of the sorbent. 

Sorbent injection through single small jets is the simplest way to introauce 
sorbent into the upper furnace of the ooiler ana may result in high sorbent 
surface areas if high peak temperatures can be avoided since rapid heating rates 
are easily achievea; however, it is aifficult to achieve aaequate mixing between 
the soroent ana furnace gases since jet penetration 1s lim1tea with small single 
jets. Combining the single sorDent jet with a larger annular air jet proviaes a 
means for increasing total jet momentum, thereby increasing jet penetration to 
achieve aaequate sorbent aispersion. A coaxial air/soroent jet can also be 
aesignea to screen the sorbent from high temperature gases as well as control 
soroent heating rate. This woula allow significantly greater control over the 
ultimate reactivity of the sorbent. Figure 9 illustrates the effect of jet 
parameters on S02 removal with coaxial air/sorDent jets injectea into 142soc 
(26QQOF) combustion proaucts. Comparing these results with Figure So at 1425oc 
inaicates that S02 removal at Ca/S ratio of 2 has Deen increasea from 22 percent 
for the single jet to 29-35 percent with the coaxial jets. The results shown in 
Figure 9 inaicate that a 20 percent relative variation in S02 removal can be 
achievea DY varying velocity ana aiameter of the annular air jet. Although the 
aosolute level of capture is low for CaC03 oecause the ultimate surface area is 
low, the relative enhancement of S02 removal achievea using the annular jet may 
be very significant for other soroents which are more reactive. Experimental 
work is currently unaer way to investigate the impact of jet parameters on S02 
removal efficiency with other sorbents ana to further aevelop the relationsn1p 
Detween soroent injection parameters ana S02 removal. 

DISCUSSION 

These results suggest that NDx reauction on the oraer of 50 percent may oe 
possiole through moaifications to the coal nozzle ana/or secondary air 
aistrioution without mooifying the ourner throat, especially where uncontrollea 
NOx emissions are high initially. For instance, it may oe possible to reauce 
NOx emissions from 500-750 ppm to 225-500 ppm Dy aaaing a baffle to the 
seconaary air passage on a typical pre-NSPS burner. The use of aense-phase 
coal transport ana seconaary air oaffles appears to De particularly effective 
with "minimum flexibility'' high velocity ourner configurations. The coal 
injector used with aense-phase coal transport can oe smaller in aiameter which 
aecreases seconaary air velocity significantly. Since aense-phase transport 
also tenas to concentrate the coal near the axis of the flame, stabilizing the 
flame within the burner quarl results in low-NOx emissions without excessively 
long or poorly aefinea flames. However, since most coal mills are aesignea to 
operate with a fixea primary air flow, aense-phase coal transport may not De 
feasiole without extensive moaifications to existing coal aelivery systems. 
Seconaary air oaffles usea with high velocity burner conf1gurations tena to 
promote staoility of the ignition front within the ourner quarl as well as 
aiviae the air flow for aelayea mixing ana are, therefore, effective in reaucing 
NOx emissions, particularly for aetachea flames. 

These aata tena to support the conclusion that, for high seconaary air velocity, 
coal nozzles which concentrate the coal in a narrow region on the flame axis 
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wil I tena to pro<luce low-NOx emissions if the flame is staoilizea within the 
ourner quarl. Coal nozzles which aivi<le ana aisperse the coal stream to w1ae 
angles result in relatively faster mixing ana therefore ao not achieve 
significant NOx reductions. For ourners with low seconaary air velocity, flames 
generally tena to De Digger than for ourners with high seconaary air velocity, 
ana ourner adjustments have a more significant impact on NOx· Coal nozzles in 
low velocity burners which aiviae tne coal to proauce smaller separate flames 
produce lower NOx emissions 1f the separation oetween the smaller flames is not 
clearly aefinea; however, if the injection angle is too wiae or the flame is 
aetachea, coal ana air mix more rapialy ana smaller NOx reauctions are achievea. 

Although soroent injection near the burners is aesiraole to achieve mixing of 
the soroent with the comoustion proaucts, thermal aeactivation of the soroent 
appears to oe unavoiaaole ana injection away from the high temperature ourner 
region is more attractive, particularly for very reactive (high surface area) 
sorbents. Coaxial air/soroent jets canoe usea in upper furnace soroent 
injection to control sorbent aispersion Dy proper jet aesign. Coaxial jets also 
appear to offer a means for injecting soroent into the upper furnace which 
allows aaaitional control over those parameters which affect soroent reactivity. 
The annular air jet can oe particularly effective in reaucing the extent of 
thermal soroent aeactivation when injection into high temperature regions of the 
furnace is necessary. 

These results have also inoicatea that the heating rate of the soroent in the 
initial region of the jet may influence the aevelopment of surface area auring 
calcination. Since heating rate is affectea Dy the entrainment characteristics 
of the jet, it may oe possible to optimize jet aesign to achieve maximum soroent 
reactivity. Further information is requirea to ctefine the exact nature of the 
relationships between jet aesign ana the overall S02 removal process for 
soroents wnich exhibit <liffering characteri.stics. 
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TABLE 1. ANALYSIS OF UTAH COAL 

As Received Dry Basis 

Ultimate Analysis: 

c (%) 67.42 69.61 

H (%) 5.02 5 .18 

N {%) 1.38 1.42 

s (%) 0.67 0.69 

0 (%) 12. 71 13. 12 

Moisture 
(%) 3. 14 

Ash 
(%) 9.67 9.98 

Gross Heating Value (kJ/g) 30.39 

Gross Heating Value (Btu/lb) 13, 066 
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ABSTRACT 

CHARACTERIZATION OF ALTERNATE SODIUM SORBENTS FOR 
FABRIC FILTER S02 CAPTURE 

R. Hooper 
Electric Power Research Institute 

Arapahoe Test Facility 
P.O. Box 10577 

University Park Station 
Denver, Colorado 80210 

Injection of dry-sodium powders into the inlet plenum of fabric filters (baghouses) 
has been demonstrated to be an effective flue gas desulfurization (FGD) technique. 
On a full-scale utility boiler, injected sodium products have been shown to meet New 
Source Performance Standards (NSPS) of 70% removal for low-sulfur coal applications. 
Higher levels of so2 removal have also been demonstrated with the injection of 
greater quantities of sodium reagent. The amount of reagent required is shown to be 
sensitive to the reagent particle diarrw:!ter. Results are given for comrrw:!rcially 
available sodiumbicarbonate, trona, and light soda ash (sodium carbonate}. Supply 
of sodium reagents is becoming increasingly more abundant as several chemical 
commodity suppliers expend both research and venture capital dollars to enter the 
potential utility market. To date, sodium bicarbonate reagents have been shown to 
provide better sodium utilization than sodium carbonate and trona. 
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INTRODUCTION 
Background 
The process of corrbini-ng so2 and particulate control using dry-sodium 
reagents is gaining increased utility interest. This paper reviews and 
updates events relevant to the use of dry-sodium-based injection into 
the inlet of a fabric filter. 

The Electric Power Research Institute (EPRI) is interested in evaluating 
the advantages and disadvantages of dry-sodium injection because the 
technology has the potential to greatly simplify hardware requirements, 
and to significantly reduce the capital requirements for both new and 
retrofit so2 control applications. Evaluating the importance of simplicity 
is qualitative, but may be weighted heavily by utilities concerned about 
operation and maintenance of emission control equipment. 

EPRI began studying dry-sodium injection in 1977. To date, it has published 
feasibility study results (ll, bench-scale investigation results(~), and 
full-scale demonstration results obtained in testing at the 22 twM Cameo 
station of the Public Service Co. of Colorado(_~). An economic evaluation 
of dry-sodium injection is scheduled to be published soon. Work is now being 
conducted at EPRI's Arapahoe Test Facility in Denver to characterize and 
assess potential new dry-injection reagents for utility applications. Results 
from this pilot scale work and their implication to the full scale application 
are the subjects of this paper. 

Figure l is a simplified flow schematic of a coal-fired power plant with dry
sodium injection for so2 control. Unit processes are much the same as those 
required for coal handling: transportation, storage, pulverization, and 
injection. 

With dry-sodium injection, the sodium reagent is fed into the flue gas stream 
{nominally at a temperature of 300°F) ahead of a baghouse and downstream of the 
air heater. In the ductwork, the sodium bicarbonate in the reagent particles 
decomposes to sodium carbonate (Na 2co3) in a ''popcorn" fashion. forming an open 
porous microstructure and exposing more particle surface area. The Na 2co3 
reacts with the so2 in the flue gas and subsequently collects along with fly 



ash on the bags in the baghouse as part of the dustcake, further removing so2. 

Both the spent reagent and the filtered fly ash on the bags are then removed 
in the nonnal course of bag cleaning and collected for disposal. Typically, 
70-80% of total so2 removal occurs in the baghouse, and the remaining 20-30% 
in the ductwork. 

Dry-sodium injection offers a nurrber of advantages over alternate so2 collec
tion options. These include: 

1 Capital costs are significantly le.Mer because of the comparative 
simplicity of the process. 

• Only equipment already in conmon use at coal-fired power plants 
is required. 

• No wet slurry or sludge is required. 
t The systems are easily retrofitted to boilers equipped with 

baghouses. 
1 Power cos ts are 1 ow. 
• Scaling and corrosion are minimal. 
• Flue gas reheating is not necessary. 

C:OW9'/S ''°" I'-.<:'! S • 'U" 0.... - CO.. "'°· 
Oo. so."°• 

• t&.• ...... 
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Figure 1. Schematic of a coal-fired power plant wH.h dry-sodfum injection 
for so

2 
control. 
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Reagent Availability 

Sodium reagents that have received the most utility and supplier attention 
include nahcolite {naturally occurring sodium bicarbonate, NaHco3 ), trona 
(naturally occurring NaHC03 'Na2co3 · 2H20). Huge supplies of both 
nahcolite and trona are estimated to exist in the United States: over 30 
billion tons of nahcolite, and in excess of 85 billion tons of trona. 

Nahcolite is the preferred reagnet because of its high bicarbonate content 
and, in tests conducted, to date, its high sodium utilization. Permits were 
filed in October 1984 to begin comnercial solution mining of nahcolite in 
the Piceance Basin in Colorado. Trona is corrmercially available in large 
quantities. Both have been shown to easily achieve 70i-plus so2 removals. 

Given the promise of dry-sodium injection for so2 control, several companies 
have recently expressed interest and/or begun offering processed reagents for 
use of utilities. A list of these companies is given below in Table 1. This 
list demonstrates the dramatic turnaround in available suppliers of reagent. 
Only a few years ago, no firm suppliers could be identified. 

TABLE l 
SUPPLIES OF SODIUM - BASED REAGENTS - 1984 

Allied Chemical Corporation 
Cominco American 
Church & Dwight Company, Inc 
Industrial Resources, Inc 
FMC Corporation 

Kerr-McGee Chemical Corporation 
Natrona Ind 
Stauffer Chemical Company 
Tenneco 
Texas Gulf Chemicals Company 

This potential for improved product availability has increased the level of 
utility interest in a more detailed analysis of dry-injection. Also, and 
significantly, these suppliers are developing improved processed reagents 
which have substantially lower ·fractions of inert material. This means less 
inert material to be transported and stored by the utility, thereby lowering 

overall reagent costs. 
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PILOT PLANT DESCRIPTION 

The dry sodium injection pilot plant (Unit 3A) is located at the EPRI Arapahoe 
Emissions Test Facility (Denver, Colorado). Flue gas for the pilot plant is 
withdrawn at the rate of 1250 scfm from Public Service Company of Colorado 
boiler number 4 (lOOM~ nominal load). In the pilot plant, injection of reagent 
materials is accomplished by continuously moving sorbent from a small hopper 
via a screw feeder into the suction port of an eductor (Figure 2). Approximately 
5 cfm of carrier air transports the reagent materials into the duct at a point 
6 ft upstream of the baghouse inlet. Flue gas velocity at the point of injection 
is approximately 60 fps. A scale continuously determines feeder system weight 
during testing. This parameter is recorded so that a loss of weight over time 
may be deteremined. Gas concentrations of so2 and o2 are continuously monitored 
at both the system inlet and outlet. Near constant inlet so2 concentrations are 
maintained by an so2 dosing system. NOx levels are determined by using a single 
NOx analyzer continuously switched between the system inlet and outlet for 
discrete sampling periods. The pilot plant is in full time operation using a 
three hour reverse gas fabric filter cleaning cycle. Numerous controls and test 
parameters, including gas flow, temperature, and baghouse pressure drop are 
continuously monitored. 
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Figure Z. 11\ustrHlon of l!nit 3A p11ot pl.int dry injection 
feed sy~tem at Arapahoe. 
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DISCUSSION OF RESULTS 

Sodium Bicarbonate 

The technical aspects of dry-sodium injection have been studied by several 
researchers over the past few years. The most ;mportant is the utilization 
of sodium in the reagent. Fi9ure 3 illustrates so2 rerroval versus NSR 
(nonnalized stoichimetric ration) for low-sulfur (O.Si), western coal 
obtained with nahcolite, at the bench-scale, and at the full scale Cameo 
demonstration. so2 removal is shown to improve substantially from the bench
scale to the full-scale. A major reason for this improved utilization is now 
believed to be associated with reagent particle size distribution. The reagent 
at Cameo was pulverized much finer than those for the bench-scale research. 
Results published by other researchers are similar to those reported on the 
bench-scale; the results from the Cameo demonstration reported the highest 
sodium utilization of any previous work. 
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EPRI is currently conducting pilot-scale research to evaluate the effectiveness 

of the numerous new reagents now being offered. This work is being conducted 
by KVB, Inc at Arapahoe. 

Figure 4 illustrates so2 removal versus NSR (normalized soichiometric ratio) 
when injecting sodium bicarbonate of five (5) distinctly differing character
istic particle sizes. These results have many implications to the application 

of dry injection technology. 
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Figure 4. so2 rencval vs. NSR for sodium bicarbonate illustrating 

the dependence of so2 to the HMO (mass mean diameter) 
injected into the flue gas duct. 

First, so2 removal is shown to significantly improve with decreasing reagent 
particle size and so2 removal greater than 90% is illustrated for the finest 
particle sizes. Note, however, that a significant amount of enerqy may be 
required to pulverize reagents to a size necessary to optimize sodium utili
zation (S02 refl()val divided by NSR). Fortunately, these sodium bicarbonate 
reagents should be easily pulverized in comparison to the conventionally mined 

ores of trona and nahcolite. 
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Second, it should be noted that the sodium bicarbonate for these tests was 
provided by three reagent suppliers each using different methods to process 
their reagent. Even using bicarbonates mined and processed by different 
methods, the results were consistent--sodium utilization with bicarbonate 
injection is apparent1y a function of particle size, not manufacturing method. 
The sodium bicarbonate reagents used to produce this data were provided by 
Church and Dwight, Kerr-McGee, and Industrial Resources, Inc. 

Third, the advantage of smaller reagent size does not appear to be caused by 

the increasing specific surface area of the reagent (specific surface is 

inversely proportional to particle diameter) but more likely because of better 
reagent distribution throughout the baghouse. Figure 5 is an illustration of 
the baghouse compartment of the Unit 3 pilot plant. It can be seen that the 
required path for a reagent particle to reach the bag thimble in the corners 
nearest the inlet is much IT()re treacherous than to reach the bags directly 
opposite the inlet duct. This is even more dramatic for larger reagent 
particles. To optimize so2 removal, particles must be small enough to follow 
the gas stream and distribute evenly across the tubesheet to each bag inlet. 
The result of maldistribution is that some bags become enriched with reagent 
and some are starved. This appears to be the mechanism that increasingly 
degrades so2 removal as reagent particle diameter increases (as illustrated 

in Figure 4). 

Figure 5. Illustration of the baghouse com~rtment of 
the Unit JA pilot plant. 
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These findings are important when considering injection design criteria, reagent 
pulverization requirements and techniques, and possibly baghouse inlet transition 
and hopper designs. For example, the reauirements on a pulverizer for dry

injection might be slightly more demanding (i.e., finer particles required) when 
the boiler load is reduced and the gas flows are lessened. The carrying velocity 
into a baghouse compartment hopper needs to be sufficient to keep a reagent 

particle from falling out; and the reagent distribution needs to remain somewhat 
uniform across the tubesheet. This underlines the importance of a good aero
dynamic rrodeling effort relating to the injection system and baghouse designs, 
especially at lower boiler steam loads where flue gas flow rates are substantially 
lower than design specifications. 

Flue gas temperature has been demonstrated to.affect reagent utilization of sodium 
bicarbonate as temperatures range between 260°F and 340°F. This is shown in 
Figure 6 where so2 rem:>val is plotted versus NSR for a reagent injected at 300°F 
and 330°F (Figure Ga) and for another reagent injected at 260°F and 300°F 
(Figure 6b). These temperatures generally span normal operating temperatures for 
utility baghouses. These curves also show that reagent particle specification 
can be matched with baghouse inlet temperature specifications as a trade-off in 
system design considerations. 
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Trona 

Trona was acquired for this project from Wyoming by TenneCo and from California 
by Kerr-McGee. The materials were pulverized into size fractions and treated 
in the same manaer as done previously with the bicarbonate reagents. Although 
characteristic size dimension measurements have not been completed, the reagents 
were provided in distinct size fractions allowing tests to be performed that 
generated the data shown i-n Figure 7. These results follow the same trend as 
previously shown. Note, however, the significant differences in sodium utili
zation between the bicarbonate (Figure 4) and trona (Figure 7) reagents. Again, 
utilization is calculated as so2 removal divided by NSR. Until IT()re complete 
characteristic size information is available, the size fractions indicated will 
suffice as relative indicators of reagent size. 

Figure 8 is a graphic of the affect that flue gas temperature has on so2 removal 
when injecting trona. Although a ITX)re complete series of tests are needed to 
identify a perferred operating temperature, it is important to note that increas
ing the flue gas temperature decreases the effective so2 removal of trona. This 
is directly opposite the trend shown for sodium bicarbonate. 
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Soda Ash 
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Ftgure 8. so2 removal vs. NSR for Trena Illustrating the dependence 
of so2 on flue gas temperature. 

Previously reported results from tests that directly inject soda ash (sodium 
carbonate) into the flue gas demonstrate so2 removal below 20S for NSR values 
greater than two (NSR > 2) 3• · However, at Arapahoe, sodium carbonate injection 
has dell()nstrated substantially more so2 removal than previously reported. The 
results shown in Figure 9 were produced by injecting a 11light ash" provided by 

Kerr-McGee. 11 Light ash 11 reagents produced by other suppliers are al so scheduled 
to be tested. Shown in Figure 10 is the collage of results from the injection 
of sodium bicarbonate, sodium carbonate, and trona. The reagents were provided 
by a single supplier, pulverized to a similar particle size, and each injected 
at 300°F. It is of interest to observe that mathematical addition of so2 
removal from a one-to-one !1"01ar mixture of sodium bicarbonate and sodium carbonate 
(as in the chemical formula for trona) produces an so2 removal nearly equal to 
that empirically obtained when injecting trona. 
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SUMMARY 

The few and simple unit processes required to successfully operate a dry
injection system make the technology an attractive, economic alternate for 
so2 control on coal-fired power plants. The interest of several large, 
potential suppliers in entering the market is especially promising in tenns 
of making available better perfonning and lower cost reagents. Dry-sodium 
injection systems designed to optimize reagent utilization will provide 
benefits in all areas of the technology, minimizing reagent and solids hand-
1 ing requirements, hopefully lowering levelized costs, and reducing the sodium 
levels in the fly ash waste product. 
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ABSTRACT 

DRY INJECTION SCRUBBING OF 
FLUE GASES BY THE SHU PROCESS 

M. Schutz. J. Schumacher, M. Esche, and H. IgelbUscher 
Saarberg-Holter Urrwelttechnik GmbH (SHU) 

Hafenstrasse 6 
D-6600 Saarbrucken, West Germany 

The SHU dry sorbent injection process has been installed at the Ruhr recycling 
center refuse incinerator to remove stack gas SOx• HCl. and HF. The incinerator 
produces 60,000 to 142,000 m3/h of flue gas with typical or design concentrations of 
70 to 275 ppm SOx• 300 to 1,080 ppm HCl, and 20 ppm HF. Prior to gaseous pollutant 
cleanup, particulates are removed in an electrostatic precipitator, and the 
combustion gases are cooled to 200 to 220°c by heat exchangers. Dry scrubbing 
occurs in a contact section fed by calcium hydroxide and steam at a feed ratio of 
0.5 kg steam/kg Ca(OH)2. The feedrate is metered based on the pollutant level in 
the treated gas. The flue gas, Ca(OH)2 and steam are swirled to enhance contact and 
absorption. Following absorption, spent sorbent is removed by a fabric filter. The 
unit entered service in 1982. Test results show S02 removal efficiencies of 55 to 
85 percent, depending on inlet concentration, and HCl removal efficiency usually 
over 90 percent. Selected solids analyses showed approximately 37 percent calcium 
hydroxide consumption corresponding to a utilization ratio of 1:2.7. 

INTRODUCTION 

The SHU dry injection gas scrubbing process has been developed and applied by 
Saarberg-Holter Umwelttechnik GmbH which was formed in 1974 as a joint property of 
the power plant operator Saarberg AG and the engineering firm Holter GmbH, Gladbeck. 
Saarberg AG is an integrated energy firm operated by the Federal Republic of Germany 
and the Saarland. They are the second largest producer of hard coal in West Germany 
and their power plants account for 50 percent of electricity generated in the 
Saarland. Holter GmbH, Gladbeck is an engineering and construction company 
supplying environmental control systems, coking plants, and foundries. The SHU 
process is marketed by four licensees or partners: 

• S-H-L, Saarberg-Holter Lurgi GmbH, Saarbrucken, West Germany 

• Davy McKee Corporation. Lakeland, USA 

• Simmering-Graz-Pauker AG, Austria 
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• BY Koninklijke Maatschapp1je "de Schelde", Netherlands 

• Groupement with Lurgi S.A., France 

Table 1 lists current and planned installations of SHU systems. This paper 
summarizes the application to the Ruhr recycling center (RZR) which is the first 
large-scale incineration installation of the dry scrubbing process. The process was 
previously tested in a pilot plant at the waste incineration center at Ebenhausen in 
Bavaria. 

FACILITY 

RZR produces electric power and district heating by burning approximately 
100,000 tonnes/year of domestic and bulk refuse in a stoker-fired furnace. Incoming 
bulk refuse is shredded by two cylindrical cutters and stored in a bunker from which 
it is transferred by crane, together with domestic refuse, to the stoker-fired 
furnace. The refuse is extremely heterogeneous with wide fluctuations in heat 
content and composition. In the furnace, these fuel fluctuations produce variations 
in furnace temperature (held below 800°C), flue gas concentration, and particulate 
loading. Surplus heat in the stoker combustion gases is used in a heat recovery 
boiler to produce up to 57 tonnes/hour of steam (1). Solid particles are removed 
from the boiler stack gas in an electrostatic precipitator and the gas is then 
passed to the dry scrubbing process. 

The dry scrubing system is designed in two sections, each with a cooler, contact 
section, and fabric filter (Figure 1). The design specifications are listed in 
Table 2. Upstream of the contact section, the boiler stack gas is cooled to 
approximately 200°C by a secondary cooling system to protect downstream filters. 
Calcium hydroxide and steam are then injected into the stack gas in the contact 
sections in proportion to the quantities of gaseous compounds to be removed, which 
are mainly sulfur dioxide, hydrogen chloride, and small amounts of hydrogen 
fluoride. The spent sorbent from the reaction is collected by a fabric filter and 
sluiced out of the system. 

Contact Section 

Each contact section consists of three contact tubes each fitted with two flow 
nozzles, venturi throats, and an impactor grate. Dry calcium hydroxide and steam 
are injected into the cooled stack gas via binary jets. The calcium hydroxide is 
introduced on a stoichiometric basis via a metering device which is described in 
greater detail below. Table 3 shows an average analysis of the sorbent. The volume 
of steam was set at 0.5 kg steam/kg sorbent based on parametric tests. In the 
subsequent venturi tubes and impactor grate, the gas, calcium, and steam are swirled 
so that most of the gaseous components to be removed are bonded to the partially 
condensing steam and the surface of the calcium particles. 

Steam Input. The addition of steam v1a the two flow nozzles improves the 
distribution of the calcium in the stack gas flow and also raises the level of 
abatement for the gaseous components that are to be removed. 

The water/steam cycle produces superheated steam at 320°C (608°F) and 32 bar 
(463 psi). Before it enters the two flow nozzles the steam is reduced to 16 bar 
{232 psi} and approximately 240°C (464°F). Total steam consumption is restricted to 
524 kg (1,153 lb} per hour. During unit startup, steam for stack gas scrubbing fs 
taken from the oil-fired auxiliary steam generator. 
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Sorbent Metering. The calcium hydroxide silo with a capacity of 150 m3 (5,300 ft3) 
is filled by dumper trucks using a pneumatic conveyor system. The silo extractor 
unit is designed as a three-part unit in which each section has its own independent, 
mechanically operated vibrating extractor. A pneumatic metering and conveyor unit 
is installed beneath the rotary valve of each extractor. The feed pipes to the 
binary jets are positioned downstream of each metering and conveyor unit. The 
metering precision is +5 percent. 

To avoid plugging as a result of condensation during pneumatic transport, the pipes 
are insulated and can be heated electrically. The surfaces of the rotary valves 
have been specially treated at the points where deposits may form. 

Viton B or rubber is used for the gaskets. The straight pipe sections for the 
pneumatic calcium conveyor are made of mild steel and the hinge fittings of 
thick-walled plastic. This was the only way to meet the requirements specified for 
operational life. To avoid static charge buildup in the plastic, ground wires have 
been inserted which are connected to the adjoining steel pipes. 

Filter Pockets 

The two pressure shock filters each consist of two vertically aligned rows of filter 
pockets made of Teflon. The filter pockets are stretched over aperture frames of 
1.5 by l.4m. Table 4 gives the dimensions of the filter assembly. 

Filter Cleaning· An eight-bar (116 psi) compressed air system is provided to clean 
the filters. nly four filter pockets are cleaned at any given time, two from each 
row. There must be at least four f;lter pockets operating normally between the two 
in the row being cleaned to milintain a steady filtering process. 

Cleaning with compressed air blasts f s controlled in such a way that the pressure 
drop loss remains constant within a certain operational range. 

The pressure drop in a filter depends of course. among other things. on the strength 
of the filter cake (adhesive calcium layer) and the face velocity of the fabric or 
gas flow. In this instance, filtering at a pressure loss of 15 mbar (0.22 psi) has 
proved optimal. 

Extraction System. The particles removed from the pressure shock filter are carried 
by a scraper chain conveyor to a rotary valve and thence removed from the pressure 
area. The reacted lime is transferred to a silo via a screw mounted traversly to 
both filters. 

OPERATION 

Before the chemisorpt1on unit startup. both filters, including both the upstream 
multiple contact sections and a part of the downstream treated gas duct, are 
preheated to working temperature. This preheating is achieved by keeping the air in 
the unit in circulation by a fan and heating 1t up in a steam-heated heat-exchanger. 
Measuring points in each of the two filters monitor the temperature and show when 
the working temperature has been reached. 
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Sorbent Metering 

The concentrations of hydrogen chloride and sulfur dioxide are measured in the 
treated and untreated gas. Normally, the level of pollution fn the untreated gas. 
the volume of the gas flow, and the stoichiometric ratio determine the amount of 
sorbent needed. 

The measuring devices currently available for gaseous components react sluggishly 
and cannot therefore detect rapfd fluctuations in level. Changes in the flow of 
stack gas and deviations in the measurements of the metering devices rrake it even 
more difficult to adjust to an optimal supply of sorbent without exceeding the 
permitted concentrations in the treated gas stream. Consequently, values for the 
treated gas which fall below the rraximum permitted levels are superimposed on the 
sorbent metering. If the permitted levels are exceeded, additional calcium 
hydroxide is briefly injected into the absorption system. 

Operating Results 

Since the unit entered into service in 1982, various test series have been taken by 
SHU and other independent groups. The temperature of the untreated gas normally 
ranges from 200 to 220°C {390 to 430°F) after the cooler and the level of moisture 
is 40 to 70 mg/m3 (STP). The concentrations of SOz recorded in the untreated gas 
have been between 200 and 800 mg/m3 (70 to 275 ppm). The operating results cover a 
relatively wide range of 55 to 85 percent removal efficiency as shown in Figure 2. 
All gas outlet concentrations fell within the range of 90 to 160 mg/m3 (30 to 
55 ppm). 

Experimental results at other waste incinerators showed {2) that S03 comprises about 
1 percent of total sulfur oxide emissions. Comparing the process described here 
with other dry lime-based processes for sulfur removal, it can be seen that 
injecting steam in addition to calcium hydroxide considerably increases the S02 
removal efficiency. In some applications, this process is competitive with 
wet-scrubbing. 

There was no discernable influence on S02 removal efficiency due to fluctuations of 
hydrogen chloride between 500 and 1,750 mg/m3 (300 to 1,080 ppm) in the untreated 
gas. The removal efficiency for hydrogen chloride is usually over 90 percent so 
that levels in excess of 85 mg/m3 (52 ppm) were rarely found in the treated gas. 
The hydrogen fluoride in the treated gas was well below 1 mg/m3 (1 ppm). 

In addition to obtaining high removal efficiencies. the program also sought to 
obtain a high level of sorbent utilization. This is generally defined by the ratio 
of absorbed mole to Ca mole compared to stoichiometric. Since the present system 
exhibits fluctuations in the volume of gas and concentrations of pollutants, it is 
particularly difficult to specify a stoichiometric ratio from the abatement level of 
the gaseous components. 

Accordingly. some analyses were made on the solid matter and the quantity of calcium 
hydroxide consumed. These analyses showed that approximately 37 percent of the 
calcium hydroxide had been consumed, which represents a utilization ratio of 1:2.7. 

Domestic refuse contains heavy metals such as cadmium, lead, mercury, zinc. 
vanadium, chrome, etc. which are present in the flue gas and flyash. It is 
therefore advisable to use a fabric filter for fine particle removal. By cooling 
down the gas to 200°c (392°F) most of the gaseous heavy metal compounds condense 
onto the flyash and sorbent which are removed in the fabric filter. The particulate 
concentration behind the fabric filter is less than 5 mg/m3. 
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Cost of Operating Materials 

To meet design specifications, the gas scrubbing unit requires 400 kg calcium 
hydroxide and 200 kg steam per hour. Including transport, the price is DM 150/tonne 
($50/tonne) for calcium hydroxide and OM 28/tonne ($9.30/tonne) for steam for power 
producers. The corresponding costs per hour are DM 60 ($20/tonne) for the calcium 
hydroxide and only OM 5.60 ($18.70/tonne) for steam which means that the proportion 
of the costs accounted for by the steam is relatively low (8.5 percent). 

Storage of Used lime 

Given the heavy metals and chlorine compounds in the used lime. the operators opted 
to store it in a special dump near the recycling center. In general. in Germany 
there are local bylaws covering the dumping of waste products. The main criteria 
are the proportion of water-soluble components, the tendency of the dumped material 
to become airborne. the rate of seepage, metal content, and hygroscopicity. 
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Table 1 

FLUE GAS DESULFURIZATION PLANTS WITH THE SHU PROCESS 

Start U;:> Client Application fGD capacity Gyp suir. use 

1989 /8fl RWE 
12cx:> Ml-I 

Po..ier-Station f"e-..ira.th lignlte-fired boiler 1200 MW yes 

1988 .BEWAG, West-Se!."lin Joo MW Jco MW yes 
?o,.ier-St.aticn Reuter coal-fired boiler 

1987 RWE 900 MW 900 MW yes 
Power-Station Neurath lignite-fired boiler 

i987 l.Jr.1.1.a.ndverba.nd Frani<furt rm.micipal waste 3 x 
AVA Ost.hafen incinerator 71,Sco scf:m 

1987 Preussische Elekt.rizitats-AG Boo MW Boo MW 
Ha."1.'"IOVer, coal-fued 
PCIW:!r St.at io:-. Heyden IV !::oiler 

;597 BE'vv'AG, West-Berlin Jco MW 300 MW yes 
Po.; er Station F.euter coa:-f.:...red !::oiler 

1985 City Frankfurt r:unicipal 2 x 
WlA F':-ank ! a..""1: waste 74,600 scfrr. 
Nord'westst.adt incinerator 

~985 Stact=einigu.~ IT'llnicipa.l waste 71 • 5oo 5Cf::n 
NU:::-.berg incinerator 

Ofenlinie 4 

i995 Von Roll AG ITU\icipal waste 37,Soo scf:m (partly absory-
Swit2erlarld incinerator ti on) 

1984 K.raftwerk Bex.bach '1/erwaltungs- 7So MW 260 MW yes 
gesellschaft rrbH coal-fired 
Ilse Bayemwerke Energie- !::oiler 
a..nlagen QTbH 

1984 City Frankfurt m.in:cipal 2 x 
WlA Frankfurt waste 74,600 scfm 
Nordweststadt incL"lerator 

1 983 BEW:r>.G, West-Gerl in 15o MW 150 MW yes 
Poi..er Station Lichterfelde oil-fired boiler 

1383 Saarl::ergwerke AG 7o7 MW 125 MW yes 
Saarbrucken coal-fired boiler 
Pcwer Station Weiher III 
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Table 1 (Concluded) 

FUEL GAS DESULFURIZATION PLANTS WITH THE SHU PROCESS 

St.a.rt up Client AppliCil':.ion FCD capacity Gypsum use 

1982 Widmer I Ernst AG ir.-~lcipal 58, 5oo scfm 
.SWltZerland waste 
MVA Schwandorf L"'ci:oerator 

1982 Bf.lo/AG, West-Berlin 150 ~ 15o ~ yes 
Po.ier-Station Lichterfelde oil-fired b:>iler 

1982 Widrrer & Ernst AG waste 77 ,ooo scfm 
Switzerland prcl(:!-.Jct (Ninly cacl 2 , 

RZR Hert.en/Germany inc :..ner a tor car, ) 

1982 Widi!er & Ernst AG l!ll.'1 :c i?<'ll 15,Soo scfm 
Switzerland I.la Ste (mainly CaCl:i , 
RZR He.rt.en/Gemany l.l1C i.ner a to.:: car, ) 

1982 Saarberg....Erke AG, 2Jo ~ 230 l'1<J yes 
Saarbr\.icken cooil-fired !::oller 
Power-Station \Tcilkli.'1gen (fl~idized bed) 

1979 Ba yr • ta.nee su:n t fi.ir special waste 6,200 scfm 
um.ieltschutz .l.nC:.nera tor (rrainly CaCl 2 , 

HVA Ebenhausen (dry prototype ca.r, ) 
scn:..bbing) 

1979 Saarbergwerke AG 7o7 MW 225 Mt# yes 
SaarbrUcken coal-fired 
Power Station Weiher III boiler 

1976 Si.idwestdeu.tsche Fer;-,wanre Qnl::.H s t/h 19,ooo scfrn 
Saar bri.ici<e n munic::.pal (mainly CaC1 2 , 

incinerator ca.r, ) 

1974 Saa.rbergwerke AG 15o~ 78,ooo scfm yes 
Saa.rbr\.icken coal-fired 
Power StatiC'.ll Weiher II b:>iler 

i972 Stadt'lolerke Solingen s t/h 1,900 acfm 
MVA Solirqen municipal (mainly cac1 2 , 

waste incinerator carJ I 
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Table 2 

DRY ABSORPTION SYSTEM SPECIFICATIONS 

Stack gas flowrate 

Temperature of stack gas prior to cooler 

Temperature of stack gas in filter 

Concentrations in untreated gas 

HF 

Table 3 

60,000 to 142,000 m3/h 
(2.12 x io6 to s.02 x 106 ft3/hr) 

483 to 573 K 
( 410 to 572°F) 

443 to 513 K 
(338 to 464°F) 

(342 ppm) 1,000 mg/m3 (as S02) 

(920 ppm) 1,500 mg/m3 

(20 ppm) 20 mg/m3 

AVERAGE ANALYSIS OF CALCIUM HYDROXIDE 

Ca(OH)2 

Mg(OH)2 

C02 

Si02 

Al z03 

Fe203 

Mn304 

S03 

H20 

Of which H20-free 

Combustion loss 

Particle size 98 percent less 
than 0.09 mm (about 170 mesh) 

Bulk density 

25-9 

90 to 94 percent 

1.4 to 2.2 percent 

Maximum 2.0 percent 

1.0 to 1.7 percent 

0.45 to 0.65 percent 

0.25 to 0.40 percent 

0.05 percent 

0.05 to 0.2 percent 

23.0 to 24.0 percent 

0.5 to 1.0 percent 

23.0 to 24.0 percent 

0.4 kg/dm3 



Table 4 

DIMENSIONS OF THE FILTER ASSEMBLY 

Length 

Width 

Height {excluding 
treated gas duct) 

Number of filter 
pockets (total) 

Number of filter 
pockets per double 
row 

Number of filter 
pockets per row 

Total filter surface, 
approximate 
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16m (52.5 ft) 

8m (26.2 ft) 

6m ( 19. 7 ft) 

816 

408 

204 

3,000 m3 (32.300 ft2) 



ABSTRACT 

FLUE GAS DESULFURIZATION BY COMBINED FURNACE 
LI~ESTONE INJECTION ANO ORY SCRUBBING 

L. E. Sawyers and P. V. Smith 
Babcock & Wilcox Company 

Research & Development Division 
Alliance, Ohio 44601 

and 

T. B. Hurst 
Babcock & Wilcox Company 
Fossil Power Division 
Barberton, Ohio 44203 

Furr.ace limestone injection with dry scrubbing offers a viable economic alternative 
to wet scrubber systems for flue gas desulfurization. The combined technology is 
most promising from a technical and economic standpoint in application to eastern 
high-sulfur coals, where so2 reduction requirements are most stringent. Combining 
the two systems can offer r~quired SO reduction in excess of the sole use of either 
system. Also, combined use of the tw~ systems can represent significant savings in 
reagent costs over more expensive lime reagent. This is because low-cost limestone 
is injected into a furnace for calcination to lime and collected lime and ash 
materials are recycled and employed as the principal reagent in the dry scrubber 
system. 

In pilot plant tests sponsored by the Department of Energy, which investigated the 
combined process as applied to eastern high-sulfur coals, various furnace injection 
methods, calcium-to-sulfur stoichiometric ratios (Ca/S), furnace load, and rear
furnace temperatures were studied. Results indicated potentially high so2 removal 
and a cost-effective process with a combined optimized system. These test results, 
in addition to Babcock & Wilcox research and development experience with the two 
technologies (separately and in combination), are reviewed in this paper. 

INTRODUCTION 

Many processes have been developed to remove sulfur dioxide from utility boiler flue 
gases. One of the more successful processes is the wet scrubber system. Furnace 
limestone injection and dry scrubbing are also two viable processes for flue gas 
desulfurization. Like wet scrubbers, their development has grown in response to 
legislative measures, including the new source perfonnance standards (NSPS) imposed 
for emissions in 1971. Interest in both systems is increasing in an attempt to 
develop alternatives to the economic and process-related problems of wet scrubbers. 
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The limestone injection process injects limestone into the furnace of a utility 
boiler. Flash calcination occurs to produce lime that, in turn, undergoes reaction 
with sulfur species in the flue gases. Ory scrubber processes handle flue gases 
exiting the boiler air heaters through spraying of an alkaline slurry. 

Though applied to a wide variety of coals, furnace limestone injection has not yet 
been proven to reduce so 2 emissions to NSPS requirements. Dry scrubber systems have 
successfully been used on western low-sulfur coal for so, removal at ~SPS require
ments. However, their application to eastern high-sulfur coals have not been 
proven. Combining the two technologies has the potential to produce flue gas desul
furi zation at and above the requirements for so2 emissions for a complete range of 
coals. Both systems enhance and complement one another. An optimized combined sys
tem with use of recycled ash material as dry scrubber slurry could be both a tech
nical and economic challenger to wet scrubber systems for flue gas desulfurization. 

Though similar in some respects to the other, limestone injection and dry scrubbing 
have developed independently. Babcock & Wilcox (B&W) has been involved extensively 
in developing both technologies, as well as their combination. A review of B&W 
research and development programs with results are presented in this paper. 

TECHNOLOGICAL REVIEW 

Furnace Limestone Injection 

The technology of injecting limestone in a furnace for flue gas desulfurization has 
~een under development at B&W for nearly 20 years. Work began in the late 1960s 
with pilot plant studies followed by full-scale testing in the early 1970s. With 
tne growth of the Environmental Protection Agency's (EPA's) limestone injection 
multistage burner (LIMB) technology in the early 1980s, B&W again became involved 
with limestone injection through in-house and contract studies. Before reviewing 
this development work and discussing technical findings relative to limestone 
injection technology, an overview of the limestone injection mechanism for furnace 
limestone injection is presented. 

Furnace limestone injection for so, reduction involves limestone (CaC01 ) calcination 
to lime accompanied by lime reaction with sulfur dioxide {SO ) in an o~idizing atmos
phere to fonn calcium sulfate (Caso4}. This series of reactibns is represented as: 

CaC03 --> CaO + co2 (calcination) (1) 

CaO + so2 + 1/2 o2 --> Caso4 {sulfation) (2) 

In a reducing atmosphere produced through use of multistage low-NO burners, 
following 1imestone calcination, sulfur capture proceeds through r~action of 
hydrogen sulfide (H 7S) and/or carbonyl sulfide (COS) to produce calcium sulfide 
(CaS) by the equations: 

Cao + H2S 

Cao + cos 

--> 

--> 

(sulfide formation) 

(sulfide formation) 

(3) 

(4) 

All of these reactions. their rate, degree of completion, and stability of the re
action products, are influenced by stoichiometry (Ca/S molar), limestone composi
tion, burner design, burner operation, temperature at point of injection, flue gas 
residence time in the furnace, degree of mixing of limestone with f1ue gases, 
particle surface area, and co2, o2, and so2 gas partial pressure, among others. 
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Probably the most influential factor for so2 adsorption by limestone injection is 
time and temperature history of the reagent in the flue gases of the furnace. The 
theoretical dissociation temperature of limestone is 1652°F for ideal conditions, 
according to Schwarzkopf {l). Limestone calcination at boiler conditions may range 
up to 2200°F. During reaction, limestone particles expand before decomposition. 
Calcination begins first at the surface and continues inward, toward the center of 
the particles, increasing pore volume and surface area but leaving particle volume 
unchanged. At the completion of calcination, particles achieve the largest pore 
volume and surface area with unchanged particle volume. This characteristic of lime 
particles is tenned "soft burned" and is the most reactive state of lime (2). Lime 
particles having a sufficiently small particle size distribution will have-the 
greatest reactivity. As temperature and/or residence time is increased, sintering 
of the particles begins, also termed "hard burned" or "dead burned," and particle 
volume, pore volume, and surface area are decreased. At. this state, lime particles 
are least reactive. 

Calcined lime reactions with sulfur compounds are also largely dependent on time and 
temperature. In an oxidizing atmosphere, calcium oxide and sulfur dioxide are most 
reactive at about 1800°F (3), but reactivity occurs throughout a temperature range 
from 1400° to 2300°F. At utility boiler furnace conditions, the reaction may occur 
appreciably between 1800• and 2300°F at 3i excess 0 and with SO concentrations in 
the range of 100 to 2500 ppm (4). The oxidizing prbduct, Caso4 ,2decomposes rapidly 
as temperature is increased above 2300.F. The cause of this decomposition has been 
studied by many. BaKer and Attar (5) and Dewing and Richardson (6) reported a 
transformation in crystalline structure that is less stable than the initial struc
ture. It was also determined by Baker and Attar (6) and Besmann, et al. (7) that 
Caso4 is more reactive with metal oxides and reducTng agent impurities at high temp
eratures, which serve to hasten decomposition. These impurities are components 
within the coal fly ash. For reducing atmospheres, lime is most reactive with HS 
and COS at about 2300°F, according to Borgwardt, et al. (8). However, Turkdogan~ et 
al. (9) detennined the temperature to be 2000°F for the maximum limiting sulfide 
solubility of 1 ime in equilibrium with CaS. Like CaS04 , the CaS reaction rate may 
decrease below 1800°F, and products may decompose abov~ 2300°F. 

B&W has studied many of the factors that influence limestone injection; the factors 
include: additive properties, stoichiometry, injection point, particle size, so2 
concentration, flue gas oxygen level, particle residence time, catalyst, and 
additive recycling. They were studied in the late 1960s under contract to the 
National Air Pollution Control Administration (10). A total of 415 tests using 
seven coals and 129 different sorbents were run-employing a 2- to 20-lb/hr 
pulverized-coal pilot plant. The results are summarized: 

• so, reductions as high as 71~ at a 3.8 Ca/S molar stoichiometric ratio 
were measured. Average values at Ca/S stoichiometric ratios of 1.0 and 
2.0 were 21i and 34%, respectively. 

• Marl was the mast reactive additive at a 3.8 Ca/S stoichiometric ratio, 
2300°F injection temperature and 2-second residence time. 

• Injection in the mid to upper furnace at about 2500°F was the most 
effective location. 

• Increasing particle surface area up to 2000 cm2/g improved performance. 

1 Additive performance increased with increasing so2 ppm concentration. 

• Decreasing combustion excess. air decreased so2 removal. 
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1 Furnace slagging decreased with increasing stoichiometric ratio above 
2.0 Ca/S. 

1 Sintering strengths of fly ash mixed with the additive were reduced 
be1ow those of the fly ash alone at initial tube bank deposition; 
however, strengths increased with time. 

• Precipitator performance was projected to decrease about 20% with 
additive injection, as observed from high-dust-resistivity 
measurements. 

These results were applied to demonstrate the technology on a full-scale utility 
boiler in the early 1970s. The program was sponsored by the EPA and involved B&W in 
the design and installation of a commercial limestone injection system for a 150-MW 
unit at TVA's Shawnee Station (11). Results of the five-phase effort were discour
aging; only about 26i SO removal at a Ca/S stoichiometric ratio of about 2 was 
achieved at upper furnac~ injection. In addition, process problems, such as plug
ging of the boiler reheater and ash hydroveyor, decrease in electrostatic precip
itator perfonnance, and changes in the characteristics of waste products handled by 
the waste disposal system, further complicated efforts. Development of limestone 
injection technology ceased at B&W following this program. 

In the early 1980s, B&W again began studying furnace limestone injection through an 
in-house progrdlll. The process was now being investigated for combined NO and SOX 
reduction utilizing B&W low-NO burners. A B&W in-house study (12) inves~igated 
limestone injection locations for SO reduction through the use Of the B&W Alliance 
(8hio) Research Center (ARC) 6 milli6n-atu/hr combustion and fuel preparation facil
ity with four dual-register, low-NO burners. Test results showed that injection in 
the upper furnace region provided t~e greatest sulfur capture. 

Presently, B&W is engaged in other furnace limestone injection work. These efforts 
include pilot plant studies for application to large-scale utility boilers. small 
(less than 150-Mw) utility boiler applications and demonstration, and in-house 
studies. Along with the in-house programs, B&W is investigating application of the 
technology to uti11ty bo11er units with cyclone burners and to pulverized-coal, low
NOx units equipped with dry scrubber systems. 

Ory Scrubber Systems 

The technology of dry scrubbing for flue gas desulfurization has been progressing 
since the late 1970s. Most investigations have been applied to low-sulfur western 
coals. B&W's development efforts have advanced since this time on all levels, from 
pilot plant studies and large-scale demonstration programs to design, engineering, 
and construction of corrmercial units. Two commercial units are presently in startup 
operations. 

The dry scrubbing process is fairly straightforward. Process equipment includes a 
dry scrubber reactor and a particulate collector. Sulfur dioxide removal is facil
itated through dispersion of a finely atomized alkaline slurry in the reactor 

·chamber, where it is mixed with a stream of flue gases flowing from the air heaters 
of a coal-fired utility boiler. As particles in the slurry dry from the sensible 
heat of the gases, SO molecules diffuse into the thinning water layer of the part
icles, and sulfur cap~ure occurs. The reaction product is collected or disposed of 
through the particulate collector, completing the process. 
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Numerous reagents have been employed fn dry scrubbing, including lime, soda ash, 
trona, and nahcolite. B&W's dry scrubbing experience has centered on lime due, in 
part, to its availability. Lime (CaO) is used as a reagent in a water slurry, which 
produces calcium hydroxide Ca(OH) 2 through an exothennic reaction. The product 
reacts with so~ in the flue gas to yield calcium sulfite {CaS03) as the final 
principal prodnct: 

Cao + H20 --> Ca(OH)2 

Ca(OH)2 + so2 --> CaS03 + H20 

As the lime particles in the flue gas flow through the dry scrubber reactor, the 
rate of reaction decreases as the particles dry. 

Following the drying process, when the particles are dried to their equilibrium 
moisture content, the rate of reaction is greatly decreased. Following the dry 
scrubber reactor, lime particles in the flue gases are collected in the particulate 
collector. Additional reactions occur in the particulate collector through direct 
contact as flue gas flows through ash or near the unreacted lime deposits. 

A number of variables influence the dry scrubbing process performance technically 
and economically. These include CaO/SO stoichiometric ratio, use of recycled 
materials, reactor approach to saturati6n temperature, so2 concentration, reagent 
type, and reactor inlet temperature, among others. All of these variables play 
important roles in optimizing the system for application to low- and high-sulfur 
coals. 

Stoichiometric ratio (the quantity of reagent used in the system) largely influences 
SO? removal. High stoichiometric ratio aids S07 capture. In addition, operating 
th! dry scrubber at a high relative humidity ennances sulfur capture. Sulfur cap
ture may also be enhanced through use of ash recycle, which increases reagent utili
zation by making use of unreacted calcium hydroxide that has passed through the 
reactor; it also increases the utilization of coal ash alkalinity. 

B&W became involved with the dry 
Basin Electric Power Corporation 
its Antelope Valley Unit No. 1. 
had a highly alkaline fly ash. 

scrubbing concept in late 1977. At that time, 
was soliciting bids for a dry scrubber system at 
The fuel for the plant was a low-sulfur coal that 

To qualify as a .bidder for the Basin project, B&W had to build and operate a pi1ot 
facility to demonstrate the technology. The pilot unit was located at Basin Elec
tric's Neal Station in Velva, North Dakota and was sized to handle 8000 ACFM of flue 
gas. The pilot featured a horizontal-flow reactor. Lime slurry was introduced into 
the dry scrubber through a Y-jet pneumatic atomizer. Operation of this pilot began 
in June 1978 and continued for approximately one year. 

The results from this pilot work were very encouraging and resulted in B&W obtaining 
a contract from Basin Electric for its new Laramie River No. 3 Station. During the 
Velva test program. two important system parameters were observed to have a profound 
influence upon the dry scrubber perfonnance (13). First, as the exit gas tempera
ture from the dry scrubber was made to approach the adiabatic saturation temperature 
of the gas. so2 removal improved substantially. Secondly, the influence of alkaline 
fly ash on so2 removal was observed. 

After completing the tests at Neal Station, a large-scale demonstration unit 
capable of handling 120,000 ACF~ of flue gas was constructed at Pacific Power and 
Light's Jim Bridger Station in Rock Springs, Wyoming. This unit initially began 
operation in the summer of 1979 and operated until December 1980. The unit was de
signed with completely automated controls and included a baghouse and precipitator. 
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The main function of this unit was to demonstrate the scaleup and controllability of 
the process in a utility environment. This demonstration included long-duration 
runs, including automatic load following (14). The most significant result of the 
'tests was that the high alkalinity of Laramfe River coal (sub-bituminous} enabled 
capture of at least 65\ so2 with water spray. 

A second pilot facility that has the flexibility for changing fuels and testing a 
wide range of variables was constructed at B&W's Alliance Research Center. This 
1,500-AFCM unit began operation in July 1979. The unit is connected to a 
5 x 10°-Btu/hr combustor that is designed to burn coal, oil, or gas. The pilot has 
)een used for testing many different coals, with sulfur ranges from 0.4% to 2.2i. 
These coals also represented a wide range of ash alkalinities. Testing also has 
been conducted using oil and gas (.!..?.). 

S&W has correlated the results of its two pilot units and large-scale demonstration 
unit. This gave B&W the ability to perfonn tests in a tightly controlled manner and 
then to scale up the results based on the 1,500 ACFM pilot and the 120,000 ACFM 
demonstration unit. 

As a result of these development efforts, B&W sold two commercial systems to the 
utility market. The first unit (580 MW) was sold to the Basin Electric Power 
Corporation for its Laramie River No. 3 Station. The second unit (447 MW) was sold 
to the Colorado Ute Electric Association for its Craig ~o. 3 Station. The first 
unit is equipped with an electrostatic precipitator, and the second unit with a 
baghouse. Both systems burn low-sulfur western coal. A schematic of the dry 
scrubber design of these units (with plenum arrangement) is shown in Figure l. 

Presently, B&W is engaged in pilot and full-scale testing to optimize the dry 
scrubbing process. A recent study (16) characterized dry scrubber technical and 
economical potential for eastern higll="sulfur coals. The pilot test program 
sponsored by the Department of Energy (DOE) under Contract OE-AC22-81FE-l 7056 
("Eastern Coal Spray Dryer Evaluation") investigated the various dry scrubber system 
variables as affected by high-sulfur coals. It was concluded from the program that 
satisfactory SO remo~al for these coals required use of a fairly high quantity of 
reagent, dry sc~ubber operation at low approach to saturation, and use of recycled 
ash material. The study suggests that the use of limestone injection with ash 
recycle would increase the economic attractiveness of dry scrubber systems compared 
to wet scrubber systems for flue gas desulfurization of these high-sulfur coals. 

ORY SCRUBBING AND LIMESTONE INJECTION FOR EASTERN HIGH-SULFUR COAL 

Overview 

The potential drawbacks in using the dry scrubber for units burning high-sulfur coal 
are both technical and economical. The high-sulfur coals generally have very lO'W
alkaline fly ash, requiring more reagent to be used in the dry scrubber. Also, the 
sulfur dioxide removal requirements are more stringent (90% removal required). The 
dry scrubbing process has a built-in limitation for the amount of reagent slurry 
that can be sprayed into the flue gas stream. This spraying capacity is controlled 
by the available heat in the incoming flue gas that can be used for evaporation of 
the moisture in the slurry. Also, as the sulfur loading in the gas increases, it 
becomes necessary to increase the solids concentration of the slurry. Limits exist 
regarding the slaking, pumping, and atomizing of viscous slurries. 
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From an economic standpoint, the cost of reagent material can be a very important 
parameter; lime is considerably more expensive than limestone. For low-sulfur 
coals, the quantity of reagent required for dry scrubbing is low. For high-sulfur 
coals, however, where the reagent cost can be a dominant factor, the relative dif
ference in costs between lime and limestone can be the dominant factor in present 
application of dry scrubber technology to eastern coals. 

Furnace limestone injection in combination with dry scrubbing of eastern bituminous 
coal is one means of increasing the economic attractiveness of dry scrubber systems. 
This approach was examined by B&W. The first study (17) was• an exploratory examina
tion of this concept. A 2.3%-sulfur coal was fired; Tlmestone was injected into the 
furnace at various stoichiometric ratios (Ca/S). Recycled material was used as 
slurry in the dry scrubber at various stoichiometric ratios (Ca/S02). Overall so2 removal was as high as 86i. 

The second study was completed by B&W under DOE Contract DE-AC22-81FE 17056 (16) and 
was geared toward investigating dry scrubber system variables and system design op
tions to expand effectiveness for eastern coals. Furnace limestone injection was 
evaluated as a design option to detennine whether reagent requirements would be 
decreased by furnace calcination of limestone to lime. The lime was then entrained 
in the flue gases flowing to the dry scrubber. We anticipated that reagent require
ments at the dry scrubber would be reduced because of SO capture in the furnace. 
A 3.1\-sulfur coal was used. Various locations, stoichibmetric ratios, and flue gas 
temperatures were studied in the furnace. An atomized water spray was used in the 
dry scrubber. 

Test Apparatus 

B&W's 1500-ACFM dry scrubber pilot (Figure 2) was used for the DOE and in-house 
tests. Three main components make up the system: the basic combustion test unit 
(BCTU), the dry scrubber, and the baghouse particulate collector. 

Pulverized coal stored in a 5-ton hopper was screw fed into the primary air line, 
where it was transported to the 5 million-Btu/hr BCTU, as shown in Figure 3. Coal 
was fired using a low-NO burner operated in a low-NO mode, which produced a long, 
lazy flame. Limestone w~s metered to the furnace at f rate corresponding to the 
particular stoichiometric ratio desired via a 160-lb/hr Vibra screw feeder. An 
eductor was used to aspirate limestone flow for furnace injection. In the furnace, 
limestone rapidly calcined to lime as it mixed with the flue gases. SO capture was 
facilitated as flue gas, lime, and ash matter flowed through the BCTU ffirnace. The 
gases encountered an approximate 1-second residence time in the furnace at tempera
tures ranging from about 2500°F at the hottest portion of the flame to near 1500°F 
at the furnace exit. 

Flue gases exiting the furnace were routed to the dry scrubber (Figure 4). A por
tion of gases was sent through a water-cooled, counter-current heat exchanger to 
maintain a 300°F dry scrubber inlet temperature. Cooled flue gases entered the dry 
scrubber through a windbox plenum~ where a perforated plate distributed the gas for 
even flow through the registers of the Turbo-Diffuser slurry atomizer assembly. 
The Turbo-Diffuser, a B&W trade name for the slurry atomizer assembly, features a 
pneumatic atomizer that disperses slurry flowing through an inner tube by pressure 
of compressed air flowing through an outer tube. Flue gas was directed around the 
atomizer, where tangentially located vanes in a register imparted a swirl to provide 
adequate mixing of gas with atomized slurry. 
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Slurry was produced by a 1000-lb/hr-capacity paste slaker equipped with a 20-mesh 
screen to remove large unslaked lime particles and impurities. Lime from the paste 
slaker was discharged into the main product tank. where water was added to adjust 
slurry to the appropriate percentage of solids. For ash recycle slurries. ash col
lected from the dry scrubber and baghouse was manually dumped into the tank. Slurry 
was pumped to the Turbo-Diffuser, where supplemental water was added to the Turbo
Oiffuser to maintain appropriate dry scrubber approach to saturation temperature. 
Approach to saturation temperature is defined as the difference in temperature be
tween the dry scrubber outlet temperature and the adiabatic saturation temperature 
of the gas. Inside the dry scrubber, flue gas so2 diffused into the lime particles, 
resulting in so2 capture. Heavy ash matter fell out into the dry scrubber hoppers 
for disposal or recycle, and lighter ash matter was carried with the flue gases to 
the baghouse and cyclone. 

The 500-ACFM baghouse removes particulate matter from one-third of the flue gas and 
is equipped with an in-line heater for reheating flue gas before entering the bag
house. This ash is collected on the inside of 16. 10-foot-long x 4-1/2-inch-diam
eter woven bags with three anticollapse rings. Additional so2 capture occurred as 
flue gas S07 flowed through the inside of the bags contacting accumulated unreacted 
lime and asn matter. A cyclone separator with the capability of handling lOOi of 
the f1ue gases collects particulates from the remaining two-thirds of the flue 
gases. Flue gases from both particulate collectors were then directed to the 
5000-ACFM induced-draft fan and then discharged to the atmosphere through the stack. 

Test Description 

Two separate studies were conducted: one funded by DOE (16), and one funded intern
ally ~Y 3&W (17). The DOE limestone injection/dry scrubOTng tests examined two 
furnace injection schemes (primary and secondary) and three stoichiometric ratios 
(1.0, 2.0 and 3.0). Rear-furnace temperatures of 1800°, 2000°, and 2200°F were 
studied by varying the firing rate at an approximate 3% excess 0 • Note that the 
oCTU furnace has no provision for measuring furnace exit gas tem~erature; therefore, 
temperatures were measured through a viewport at the rear of the furnace. Simultan
eous to the BCTU limestone injection, water spray was used in the dry scrubber, with 
an approach to saturation temperature averaging 37°F. Baghouse performance was not 
monitored in the tests. 

The i~-house study considered only primary injection mode, with a 3.0 and 4.0 fur
nace stoichiometric ratio. A 1.6 and 2.8 stoichiometric ratio, respectively. was 
studied in the dry scrubber employing ash recycle at a 25°F approach to saturation 
temperature. 

In the primary injection mode, limestone was mixed with coal and primary air in the 
feed pipe. The mixture was injected into the furnace through the low-NO burner. 
Injecting limestone in this manner created two conditions relative to re~gent 
reactivity: 

• The greatest degree of mixing of calcined lime and flue gas so2 
• The longest time period in the highest temperature zones of the 

furnace. 

The main concern expressed for this injection scheme is decreased reagent utiliza
tion as a result of the latter. Since sulfur capture reaction is time and tempera
ture sensitive (though mixing may be adequate), lime reactivity may be reduced due 
to dead burning (loss of lime particle surface area) and dissociation of product. 
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Secondary injection for the DOE tests introduced limestone through a side viewport 
downstream from the burners and in a cooler temperature zone. The cooler tempera
tures reduce the opportunity of calcined lime dead burning and product dissociation. 
Although flue gas furnace residence time was appropriate, mixing of reactant so 2 and 
lime may have been reduced. The proper injection location was arrived at through 
preliminary shakedown tests, including high-velocity traverse (HVT). 

These tests were conducted to determine a limestone injection location along the 
length of the BCTU furnace that would correspond to a 2000°F injection temperature. 
A typical furnace temperature profile for 4 million Btu/hr at Ji furnace excess O~ 
and a 2000°F rear-furnace temperature is shown in Figure 5. Viewport No. 2 on both 
sides of the BCTU furnace was designated as the secondary injection site. The sec
ondary injection ports are located on both sides of the periphery of the flame, far 
enough upstream to facilitate mixing and produce an appropriate residence time. This 
injection point is about 2.5 feet from the burner and 14 inches into the furnace and 
affords so2 and Cao a 1.3-second residence time in the furnace, assuming plug flow. 

Of interest in this figure is the temperature and shape of the flame produced 
through the low-NOx burner. The flame is fairly long and narrow, exhibiting cooler 
temperatures of 23u0°F or less. The core of the flame occurs downstream of the 
burner along Port No. 2. This configuration of the flame reduces NO fonnation, 
while the cooler temperatures benefit limestone calcination and sulf~r capture. 

Test Results and Conclusions 

The results and operating conditions of the DOE tests are tabulated in Table 1. A 
representation of the furnace so2 removal results (Figure 6) indicates a general 
increase in SO? removal with stoichiometric ratio. The dry scrubber results exhibit 
a generally un~hanging trend with furnace stoichiometric ratio. Sulfur dioxide re
moval in both unit operations was much lower than anticipated. Overall so7 results 
are shown in Figure 7. The in-house study results (tabulated in Table 2 and shown 
in Figure 8) indicate increased dry scrubber 502 removal with the use of recycle 
slurry. 

Primary injection tests of the DOE study, all run at 4 million Btu/hr furnace load, 
2000°F rear-furnace temperature, and 3i excess 0 , produced a high of 2oi SO re
moval in the furnace at the high 3.0 Ca/S stoich~ometric ratio. With water ~pray in 
the dry scrubber at a 37°F approach to saturation temperature, so2 removal indicated 
a slight decrease with stoichiometric ratio, averaging ai. The dlfference in dry 
scrubber so2 removal for these tests can be considered negligible. In the overall 
system, a hlgh of 24i 502 removal was achieved at the 3.0 stoichiometric ratio. 

The secondary injection tests run at the various furnace operating conditions pro
duced somewhat more representative results. The highest furnace SO? removal of 26% 
was attained at reduced load (3 million Btu/hr), low rear-furnace t~mperature 
(1800°F). a high furnace stoichiometric ratio (3.0 Ca/S), and 3.0\ excess furnace 
O • The best dry scrubber removal of 1ai was obtained using water spray for the 
r~duced-load tests. At full load and a 2000°F rear-furnace temperature, furnace so2 removal increased with stoichiometric ratio (as in the primary injection test) to 
22i at 3.0 stoichiometric ratio. An average dry scrubber S02 removal of 13i was de
tennined for these tests with water spray. The higher 2200°F rear-furnace tempera
ture tests produced an average 2oi furnace removal at all furnace stoichiometric 
ratios with no apparent trend. Sulfur dioxide removal in the dry scrubber for these 
tests also exhibited no apparent trend, averaging ioi SO removal with use of a 
water spray. For the overall system, the reduced-load t~sts produced a high (39i) 
so2 removal, and the full-load tests averaged near 28\ removal. 
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The in-house study considered primary limestone injection for use with either ash 
recycle or water spray in the dry scrubber. Furnace SO?. removal did not exhibit a 
dramatic increase with stoichiometric ratio but averagen 24i removal. In these tests 
using 3.0 Ca/S furnace stoichiometric ratio and full load, dry scrubber SO? removal 
did not increase above 12t with water spray, even with a low 25°F dry scruDber ap
proach to saturation temperature. With use of recycle slurry (rather than water 
spray) at a 1.6 Ca0/S02 stoichiometric ratio, dry scrubber S07 removal increased to 
22't, producing 40'1, removal overall. At a higher furnace stoil:hiometric ratio of 4.6 
Ca/S, dry scrubber removal with water spray increased to 431 so2 removal. With the 
use of recycle slurry at 2.8 Ca/S stoichiometric ratio, however, the dry scrubber 
achieved an 82t removal with an 86~ removal for the system. This study illustrates 
the influence of the use of ash recycle in the dry scrubber on so2 removal. 

Overall furnace and dry scrubber removal employing water spray were low. With the 
use of water in the dry scrubber, the alkalinity for SO removal was obtained from 
entrained particulates in the flue gases. These particfilates require slaking to 
fully activate the alkalinity. Furnace removals were low for both studies, appar
ently due to a larger-than-optimal limestone grind size, 70i - 200 mesh. This large 
grind size of the limestone produced a reduction in particle surface area on calcin
ation. With exposure to furnace heat, additional surface area is lost, limiting 
calcined 1 ime reactivity. For the primary injection test, in addition, tne long 
residence time in the high-temperature region of the furnace further reduced lime 
reactivity. The problem of low SO removal for the secondary tests was most likely 
due to insufficient mixing of calc~ned lime and flue gas so2 in addition to large 
grind size. In the dry scrubber, so2 removals were low largely due to ash dropout 
in the piping and heat exchanger between the furnace and the dry scrubber. The near 
70% loss of furnace carry-over ash with unreacted lime eliminated much of the 
reagent required for so2 capture. As a result, dry scrubber so2 removal did not 
rise above 18't. 

~n conclusion, the two studies (DOE and in house) together revealed a number of 
technical advantages of the combination of both systems (limestone injection with 
dry scrubbing for flue gas desulfurization) over either system separately. 

• The DOE study indicated limestone injection away from the burners 
downstream of the furnace produced somewhat higher S07 removal in the 
furnace than limestone injection with the coal througn the burners. 
System optimization is required to increase so2 removal. 

1 Also shown through the DOE tests is a direct dependence of furnace so2 removal on furnace stoichiometry. As the furnace stoichiometric ratio 
is increased, furnace removal increases. 

• The B&W in-house study revealed an increase in dry scrubber so2 removal, with recycle slurry at high stoichiometric ratios. 

• The in-house study also indicated that the combination of both systems 
(limestone injection employing a high stoichiometric ratio with dry 
scrubbing using recycled slurry) improves overall so2 removal above the 
use of either system separately. 

• Both studies indicate an optimized furnace limestone injection and dry 
scrubber system can produce so, removal for eastern high-sulfur coals 
approaching -- if not surpassing -- the 1979 EPA new source performance 
standards (~SPS) for high-sulfur coals. This system would include use 
of appropriate grind size and a suitable mechanism for mixing limestone 
with flue gases away from the burners and a dry scrubber employing re
cycle slurry. Neither system separately can achieve the 70i to 90t so2 reduction requirement without use of a large quantity of reagent. 
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Use of recycled slurry produced from inexpensive limestone used in furnace injection 
decreases -- if not eliminates -- use of lime or other expensive dry scrubber re
agents. In economic terms, we anticipate that this use of limestone as a reagent 
decreases reagent costs for eastern coals and equates -- if not reduces -- capital 
and operating cost compared to that of wet scrubber systems for these coals (.!§_). 

FUTURE WORK 

The combination of limestone injection with dry scrubbing for flue gas desulfuriza
tion holds much promise as an alternative to wet scrubber systems. B&W realizes the 
potential as well as the implications of the combined system. Therefore, B&W has 
planned in-house studies and will solicit funding for programs designed to investi
gate the intricacies of the technology from the laboratory scale to the utility 
boiler scale. Of particular interest to B&W is application to units equipped with 
cyclone burners. Presently, B&W is engaged in a test program to study the combined 
process in a large-scale utility boiler. 
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Table 1 

RESULTS OF DOE LIMESTONE INJECTION TESTS 

Furnace so2 Remova 1 (\ l 
Injection Load Port 4 Stoichiometry 

Run No. Method (Mlr.B/hr) ~.J.!l ;emE ( ·n (Ca/S l Furnace Drt Scrubber Overall 

212 11 ) Se<:. 3 3.0 1800 3 26.0 17.3 38.8 
213 Sec. 2 4.0 1800 2 13.6 17.8 20.4 

215 12 ) Sec. 4 3.0 2000 3 22.4 10. s 30.6 
216 Sec. 4 3.0 2000 2 13.3 15.9 27.l 
217 Sec:. 4 3.0 2000 1 7. 3 ll. 9 23.6 

218 !3 l Sec. 4 3.0 2200 3 19.3 10.0 27 .4 
219 Sec. 4 4.3 2200 2 20.6 11.8 30.0 
220 Sec. 4 3.7 2200 l 19.9 8.1 26.4 

221 (4 l Prim. 4 2.8 2000 3 2J.O 5,1 24.1 
222 P ritn. 4 2.75 2000 2 13.6 8.B 21.2 
223 Prim. 4 3,0 2000 l 4.1 10.6 15,0 

NOTES FOR DRY SCRUBBER OPERATING CONDITIONS: 

l. Avg. operating conditions, Runs 212 and 213: 2. Avg operating cond1tions, Runs 215 - 217: 
Approach temp -- 37.F Appraoch te•p -- 3a•F 
Inlet tecp. -- 3oa•F Inlet temp -- 304.F 
Res1aence tilllle -- 9.79 sec Residence time -- 11.04 sec 

3. Avg. ope~ating conditions, Runs 218 - 220: 4. Avg operating conditions, Runs 221 - 223: 
Approdch teiep -- 35.F Appraoch te11p -- 37•F 
Inlet tl!(IJ). -- 309.F Inlet tet1p -- 309.F 
Residence t1iae -- 10.50 s~ Residence Time -- 10.69 sec 
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Table 2 

OPERATING CONDITIONS ANO TEST RESwLTS -- B&W IN-HOUSE STLlOV 

Operating Conditions 

Coal Feed Rate (lb/hr) 

Sulfur in Coal (I) 

Furnace: 

- Temperature ("F) 

- Ca/S Rat1 o 

Ory Scrubber: 

- !nlet Te~perature 1·r1 

- Outlet Temperature (°F) 

- Approach-to-Saturation 
Temperature I ·n 

- Ca/S Ratio 

- Inlet Oust Loading 
(lb/acfm) 
(f. Theoretical l 

Slurry Solids (i) 

Test Results 

S0
2 

Removal (I) 

- Furnace 

- Dry Scrubber 
(Witn Water Only) 

- Dry Scrobber 
(With Recycle Slurry) 

- Systet1 
(With Recycle Slurry) 

TEST SERIES l 
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?ILOT ~VALLATION CF :OMB:NED so2 AND PARTICULATE REMOVAL ON A FABRIC FILTER 

ABSTRACT 

Franz G. Poh 1 
Southern Research Institute 

P.O. Box 55305 
3irmingham, Alabama 35255-5305 

~ichael McElroy and Richard Rnudy 
Electric Power Research Institute 

P. 0. Box 10412 
Palo Alto, California 94303 

The injec:ion of calcium compounds into the flue gas upstream of a fabric filter is 
under evaluation as a :reans of simultaneous S0

2 
ana particulate emission control. 

Pilot tests are being conducted on a 180 acfm slipstream from a pulverized coal 
fired boiler burning 3% sulfur coal. water injection, steam injection, and heat 
extraction are used to condition the flue gas to desired temperatures and 
nuriidities. 50

2 
removal occurs in the flue gas ductwork, in tne expansion plenum 

Jpstream of the fabric filter, and across the fabric dustcake. Tests with pressure 
'lydrated dolo;nitic lime indicated higher SO? removal as tne flue gas temperature 
apprcacned the saturation temperature. Fifty perce~t S0 2 removal was observed at 
an approach temperature of 25°F ;.;hen the sorbent was injected at a 
cal~'i.;m-to-sulft.r ratio of 1:1 and up to 80% S0

2 
removal at a calcium-to-sulfur 

ratio of 2.9:1. 

OBJECTIVE 

A pilot test facility was built at tne Scholz power station of Gulf Power Company 
in Sneads, Florida, to perform proof-of-concept tests of a combined SO~ and 
particulate control process involving injection of calcium-based alka11 compounds 
upstream of a fabric filter. The 100 acfm facility operated on a flue gas 
slipstream from a pulverized coal-fired boiler burning 3% sulfur coal. Calcium 
based sorbents, including pressure hydrated dolomitic lime (the majority of tests 
used tnis lime), pressure hydrated high calcium li~e. conventionally slaked 
hydrated lime and quick li~e were evaluated. In addition to performing comparative 
tests with the different sorbent materials, an assessment of flue gas parameters 
with respect to promotion of S0 2 removal efficiency was performed . These 
parameters included moisture content, flue gas temperature, temperature difference 
between dew point and actual flue gas temperature (commonly referred to as approach 
temperatyre), and relative humidity. A further objective was to quantify SO 
removal in the various portions of the pilot plant, including the ductwork, the 
inlet plenum to the fabric filter, and the fabric dustcake. 
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P~OCESS DESCR!?TION 

A scnematic diagram of the a11-dry SO~ removal process is shown in Figure 1. In 
this process pulverized sorbent mater1al is fed into the flue gas oetween the air 
preneater and baghouse. The reagent can react with 50 2 in the short residence time 
(1 sec) ductwork, the long residence time (1 min) inlet plenum to the fabric 
filter, or on the fabric filter dustcake where intimate contacting ~etween so2 and 
reagent can occur. The flue gas was conditioned through steam injection, water 
injection and/or heat extraction upstream of the fabric filter. By injecting steam 
at flue gas te~perature the moisture content of the flue gas was increased without 
affecting approach temperature or relative humidity significantly. Heat extraction 
allowed reauction of the approach temperature and increased the re~ative humidity 
without cnanging the absolute ~oisture content. The injection of water served two 
pJrposes: it increased the absolute moisture content, and dropped tne flue gas 
:ernperature as a (eSult of latent heat conversion in the evaporation process. This 
lcwered the approach temperatjre and increased the relative humidity. 

TEST FACILITY 

Fis~re 2 shows a schematic dia9ram of the 100 acfm slipstream facility. ~he 
sorbent feed system consisted of a screwfeeder mounted on an electric scale for 
feedrate oetermination. Sorbent was fed into a prototype deagglomerator, from 
whicn it was carried out by a 1 cfm gas flow and injected tnrough a dis~ersion 
r.ozzle into the 8-in. diameter duct. ~he water injected into the flue gas was 
metered through a rotarr:eter, preheated to enhance evaporation (thus minimizing 
problems associated with wetting the duct walls), and sprayed through an ultrasonic 
atcmizer into the flue gas. Steam was e1ectrically generated, superheated to the 
desired temperature, and metered throJgh an orifice. One acfm slipstream off of 
the 100 acfm duct was routed tnrough a heated filter (Fabric Filter Samplir.g 
System) to si~ulate tne fabric filter. 

TESTS AND RESJLTS 

In Figure 3 an S0 2 profile throughout the system for a typical test is snown. The 
time scale on the abscissa represents the residence time of the soroent after 
injection. The SO? concentration in ppm at any given location is snown as the 
ordinate. In this~example, the S0 2 concentration upstream of the sorbent injection 
was 2400 ppm. Sorbent was injected at a reagent molar ratio of Ca/S - 1:1. ~ater 
was injected into the flue gas 8 feet (2 sec) downstream of the sorbent injection 
location. This dropped the temperature from 300 to 210~F. The SO? concentration 
was reduced to 2000 ppm. Using heat extraction the te~perature upstream of the 
filter dropped to 135°F. The S02 concentration upstream of the fabric was 1500 
ppm; aownstream of the fabric lluO ppm of S0

2 
was measured. The overall S0

2 removal through the entire system was about ~4 percent. 

Several of these injection tests were conducted at different approach 
temperatures; an example of some of these results is illustrated in Figure 4. 
each of the vertical bars, which symbolize the overall $0

2 
removal, partitions 

indicate the contributions of duct, plenum and dustcake-fabric reactions. The 
results indicate a trend of lower removal efficiencies at higher approach 
temperatures. Figure 5 shows the total S0

2 
removal rates vs. relative hL»Tiidity 

most of the tests performed with pressure hydrated dolomitic lime for a 
stoichiometry range from 0.75 to 1.34. The graph again indicates the trend of 
higher removal rates at higher relative humidities. In some of these tests 
(circles and triangles) no water was injected; only steam injection and heat 

In 
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extraction (circles) or neat extraction only (triangles) were utilized to raise the 
relative humidity. 

Tnroughout each test the 50 2 concentration was monitored at the 4 sample locations 
previously mentioned. The 4 locations were scanned sequentially. This allowed 
varia:ions in 50 2 concentration levels to be monitored as the test pro~ressed. 
Figure 6 illustrates normal changes in the 50 2 concentrations at tne 4 sample 
locations throughout a typical test. These results could be used to predict also 
how SO? r~~oval rates would develop in a baghouse facility with periodic cleaning 
cycles: 

Five different sorbent materials were investigated: quick lime, pressure hydrated 
high calcium li~e, conventionally slaked hydrated lime, pressure hydrated dolomitic 
1ime, and precalcined pressure hydrated dolomitic lime. A comparison of results of 
these tests at a reagent ratio between 2 and 3 are Sl.iTlrnarized in Figure 7. The 
~he hignest removal rate (78%) was achievea by precalcined pressure hydrated 
dolomitic li~e, followed by pressure nydrated do1omitic lime (60%), conventionally 
slaked hydrated lime (47%), pressure hyarated high calcium lime (45%), and quick 
l i"r•e (2 3%). 

SUMMARY AND CONCLUSI8NS 

These tests were intended to be proof of concept for all-dry sorbent injection of 
calcium sorbents for 50 2 e~ission control. Analysis of the data have led to the 
following conclusions: 

• S0 2 and particulate removal via calcillll sorbent injection upstream 
of a fabric filter is technically feasible. 

• Re~oval rates of 50% were accomplisned at ~eagent ratios of 1:1, and 
up to 80% at reagent ratios of 3:1. 

• The relative humidity and reagent ratio appear to be the most 
i~portant variables governing the removal efficiency. 

• S0 2 removal occurred in the ductwork, fabric filter plenum and in 
the filter dustcake. 

• Precalcining pressure hydrated dolomitic lime, significantly i~proved 
its reactivity (higher surface area) and SO,, remo't'al . .. 
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